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PREFACE 


During the past twenty years progress in the power-generation field 
and the interconnecting of large electric systems have created the prob- 
lem of economy loading. The allocation of load to power plants and to 
the equipment within them greatly influences the production costs, and 
the method of loading should be such that electric energy is produced at 
the lowest possible cost consistent with the obligation of maintaining 
continuity of service. The importance of this subject is evidenced by the 
volume of literature written on it, some of which is listed in the Bib- 
liography. 

Economy loading is obtained by the application of what is now gener- 
ally known as the “incremental rate theory.” Although acceptance of 
this theory is general, many misconceptions still exist in respect to its 
practicability and the methods of applying it. In the preparation of the 
material for this book we have therefore employed the following pattern. 

1. The derivation of the mathematical conditions for obtaining maxi- 
mum overall efficiency by the loading of equipment in parallel operation. 

2. The application of incremental rates for the academic solution of 
load-division problems. 

3. Limitations in the application of the incremental rate theory. 

4. The practical solution of load-division problems for the purpose of 
eliminating laborious computations without materially affecting the pre- 
cision of the results. 

The material in this book has been developed to meet the require- 
ments of several groups whose interests lie in the field of power genera- 
tion and to whom economy loading is a problem directly or indirectly 
associated with their specific functions. The subject matter is of pri- 
mary interest to load dispatchers, system operators, and operators of 
generating station equipment, because economy loading is an ever- 
present problem to them. Planning engineers will find the material 
useful in evaluating the relative merits of alternative proposals for the 
addition of generating equipment to a system. As the economy aspects 
of power-plant design and operation are being increasingly stressed in 
engineering schools, it is hoped that this volume will be useful as a sup- 
plementary textbook for courses dealing with heat-power and power- 
plant engineering, and as a reference book in the general field of engi- 
neering economics. 

vii 
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PREFACE 


We have used numerous illustrations to demonstrate the practical 
application of the principles discussed. The illustrations are simple, and 
we believe that they make it possible for the reader to understand and to 
apply incremental loading under the particular conditions which prevail 
in his system even though he may not wish to make use of the mathe- 
matical material. 

We gratefully acknowledge the permission granted by the publishers 
of Electrical Engineering and Electrical World to make liberal use of arti- 
cles appearing in those periodicals and the same privilege accorded by the 
following authors of the articles referred to: E. C. M. Stahl, S. M. Umben- 
hauer, H. H. Johnson, and E. B. Strowger. We also wish to express our 
grateful appreciation to the Consolidated Edison Company of New York, 
Inc., for supplying the photographs of the station-loading slide rule, and 
to the Misses M. A. McClellan and R. E. Keefe for their assistance in 
typing the manuscript for this book. 

Max J. Steinberg 
Theodore H. Smith 

New York City 
January , 194$ 
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CHAPTER I 


THEORETICAL BACKGROUND 


Introduction 

Economy of production is one of the most important phases of operat- 
ing practice with respect to the generation, transmission, and distribution- 
of electric energy. The ability to attain and maintain production econ- 
omy depends in a large measure upon the methods o f allocating lo acf, not 
only to the equipment in the power plant, but also to the generating sta- 
tions of a single system and to entire systems interconnected through 
high-tension transmission lines. In the power plant, the operator is com* 
fronted with the problem of selecting the equipment to be put in service 
and then of operating the equipment to obtain the greatest possible effi- 
ciency of production. The system load dispatcher, although primarily 
concerned with providing sufficient capacity to maintain continuity of 
service, is also concerned with the problem of allocating the load among 
the generating stations under his jurisdiction so as to obtain the highest 
system efficiency of production. The interconnection of electric systems 
has resulted in the problem of determining when to interchange jenergy, 
how much energy to interchange, the cost of supplying the energy to the 
interconnection, and the value of the energy received from the intercon- 
nection. How these problems may be solved in a practical manner con- 
sistent with theoretically correct principles constitutes the subject matter 
of this book. 

That load division between two or more machines does affect the 
overall economy of operation is easily demonstrated. Consider two ma- 
chines operating in parallel to supply a common load. The term “ma- 
chine” applies to any apparatus or combination of devices capable of 
changing energy from one form into another. Depending upon the na- 
ture of the machine, there will be a definite relation between its input 
and^output, which can be graphically established as an input-output 
curve. For the purpose of illustration the input-output curves for two 
machines are shown in Fig. 1. / For any given combined output, the 
problem is to determine what tli^output of each machine should be in 
order that the combined input shall be at a minimum value*. This can 
be done by a cut-and-try process. For example, suppose that the total 

1 
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output is 12; then either machine could operate at any output ranging 
in value from 2 to 10, while the other machine supplied the remainder of 
the load. By tabulating the possible combinations of machine outputs 




Fig. 2. Combined input to machines 
A and B of Fig. 1 plotted as a function 
of machine A output. 


and the corresponding total inputs to both machines, the combination for 
the most efficient operation can then be selected, as shown by the follow- 
ing: 

Output Input 


Machine 

Machine 

Machine 

Machine 

Total 

A 

B 

A 

B 

• 

2 

10 

16.4 

33.0 

49.4 

3 

9 

17.9 

28.2 

46.1 

4 

8 

19.6 

23.8 

43.4 ' 

5 

7 

21.5 

19.8 

41.3 

6 

6 

23.6 

16.2 

39.8 ' 

7 

5 

25.9 

13.0 

38.9 

8 

4 

28.4 

10.2 

38.6 (Minimum) 

9 

3 

31.1 

7.8 

38.9 ft 

10 

2 

34.0 

5.8 v 

39.8 / 


From the foregoing it is seen that, for the combined output of k 12, the 
outputs of machine A and machine B should be respectively 8 and 4, and 
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that for this combination the input will be less than for any other com* 
bination of outputs. 

By repeating this process for other values of combined output, a load- 
ing schedule can be established to cover the entire range. Figure 2 illus- 
trates the effect of load division on the efficiency of operation. The 


horizontal scale indicates the output 
of machine A. The vertical scale indi- 
cates the combined input. The circles 
on the curves indicate the minimum 
values of combined input, for which 
the locus is the dotted curve. From 
the values represented by the circles, 
the load division between the two 
machines can be graphically repre- 
sented as shown in Fig. 3. 

This process, although practicable 
for application to two machines, be- 
comes laborious for application to 
more than two. The problem of load 
division can be solved much more 
readily by the application of mere- 



combined output 


Fig. 3. Loading of machines A and 
B of Fig. 1 for maximum combined 
efficiency. 


mental rates. The procedure involved is based on sound theory and can 
hp applied with facility regardless of the number of machines involved. 

^Concept of an Incremental Rate 


The incremental rate of a machine at any given output is numerically 
equal to the slope of the input-output curve at the point corresponding 
to that output. Mathematically, the incremental ratfc is the first deriva- 
tive of the input-output curve with respect to the output. It measures 
the rate of change of the input with respect to -the output, and does not 
indicate tEe^ absolute value of the input. For example, referring to the 
inputoutput curve for machine A in Fig. 1, at an output of 4 the input 
is 19.6. If the output is increased to 5, the input' is increased to 21.5. 
For an increase of 1 in the output there is a corresponding increase of 
1.9 in the input. The increase in output is called the incremental out- 
put, and the increase in input is called the incremental input . The in- 
cremental rate may be defined as the ratio 1 of the incremental input 
to the incremental output or 

_ Incremental input 1.9 

Incremental rate = — — 7 — 7 = — = 1.9 

Incremental output 1.0 


1 More exactly, the incremental rate is the limit approached by the ratio of the 
incremental input to the incremental output as the latter approaches sero as a limit. 
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The incremental rate of 1.9 is an average value for the increment of out- 
put between 4 and 5. 

The incremental efficiency is the reciprocal of the incremental rate or 

1 Incremental output 

Incremental efficiency = — — — = — —r: r 

Incremental rate Incremental mput 


1 

1.9 


= 0.536 = 53.6 per cent 


At an output of 4, the absolute input from the curve is 19.6. The 
' absolute efficiency is 4/19.6 = 0.204 = 20.4 per cent. 

It is important to note the distinction between the absolute efficiency 
and incremental efficiency. The absolute efficiency merely gives the 
ratio between the output and the corresponding input. The incremen- 
tal efficiency gives the efficiency at which an increment of output will be 
obtained and will determine which machine should supply an increase 
in load. This is illustrated by the following example. 

Boiler A Boiler B 
Boiler output, million Btu per hour 10 10 1 

Incremental rate 1.42 *1.33 " 

Boiler efficiency, per cent 80* 70 

If it were necessary to increase the total output by 1 million Btu per 
hour, then the additional or incremental output shoufd be supplied by 
boiler notwithstanding the fact that the absolute efficiency of boiler A 
is better than that of boiler B. The criterion is not the relative boiler 
efficiencies but the relative efficiencies of generating the additional or 
incremental output. To supply the incremental output of 1 million Btu 
per hour from boiler A would require an incremental input of 1.42 million 
Btu per hour, and only 1.33 million Btu per hour for boiler B. Hence 
the incremental output should be supplied by boiler B even though it is 
the less efficient boiler. The incremental efficiencies with which the 
incremental output could be supplied by each boiler are 


Boiler A X 100 = 70.42 per cent 

1.42 

Boiler B —j— X 100 = 75.19 per cent 

1 .oo 


Calculation ofjncremental Rates 

The incremental rate may be derived by one of the following 
methods: 
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1. When the input-output curve can be expressed by an algebraic 
equation, the incremental rate can be determined by differentiation, since 
it is the first derivative of the equation for the input-output curve. 

Thus the equations for the input-output curves of Fig. 1 may be 
algebraically expressed as 

la = 14 + L a + 0.1 Ll [1] 

I b = 3 + L b + 0.2 Ll [2] 

where I — input, L = output, and the subscripts refer to the machines. 
The incremental rates for the machines can then be expressed as 


~ = Ra = 1 + 0.2 L a 
dlj a 

[3] 

= R b = l -f- 0.4L& 

dL h 

[4] 


where R a and R are the incremental rates for machine A and machine B, 
respectively. ^ 

The incremental rate may be graphically determined by drawing 
a tangent to the input-output curve at the point corresponding to the 
output. The slope of the tangent is 
equal to the incremental rate at the 
given output. The method is illustrated 
in Fig. 4. At point A on the input- 
output curve, corresponding to the out- 
put L, the tangent ab is drawn. From 
any two points on the tangent, such as 
c and d , lines are drawn parallel to the 
horizontal and vertical axes, respec- 
tively. These will intersect at some 
point e. The slope of the input-output 
curve (or the incremental rate) at point 
A on the curve is obtained by dividing 
ed by ce. 

3. Ffom the input-output curve, a series of output values ate phnsen 
and the corresponding input vajues^arQ read . The difference between 
successive values of the output are usually made constant and are made 
small enough so that the characteristic shape of the incremental rate 
curve can be determined with reasonable accuracy. The incremental 
rate is merely the ratio of the input difference to the output difference, 



Fig. 4. Graphical determination 
of incremental rates. 
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or the incremental input divided by the incremental output, and is 
assumed to be a function of the midpoint. 1 This method is illustrated in 
Fig. 5 and Table I. It is to be noted that the method will not permit the 
determination of the end points of the incremental rate curve except by 
extrapolation. 

Of the three methods discussed, the third is the most practical. The 
first is not recommended because algebraic equations would have but a 



Fig. 5. Incremental rates plotted against mid-point values of incremental 

outputs. 

very limited application and a considerable amount of time and effort 
would be required to fit them to the types of input-output curves gener- 
ally associated with power-plant equipment. Furthermore, a few sample 
computations will disclose that the results obtained with the third 
method will be closely checked by those obtained with the first. 

^ There are several reasons for not recommending the second method. 
First, it requires plotting of the input-output curve; and, as will be sub- 
sequently shown, there are many instances when this is unnecessary. 
Second, where the input-output curve is plotted, it will generally be 
found that the tangent cannot be established with any reasonable degree 
of accuracy. Hence the resulting values will be inconsistent and unsuit- 

1 This method assumes that a secant subtended by the arc of the input-output 
curve is parallel to the tangent at the midpoint of the arc. No significant em 
made by this assumption if sufficiently small output increments are used. 
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TABLE I 


Output 


y 

Output 

Incremental 

Output 

Inp^t 

Incremental 

Input 

Incremental 

Rate 

against 
Which 
Incremental 
Rate is 
Plotted 

0.... 


. .0.8 


. 


1.... 

1.0 

. 1.7. 

0.9, 

o.9/r 

0.57 

2.... 

1.0 

2.T 

1.0 

1.0 

1.5 

3.... 

1.0 

. 3.8 

1.1 

1.1 

2.5 

4... 

1.0 

. 5.0 

...,.1.2 

1.2 

3.5 

5.... 

1.0 

. 6.4 

1.4 

1.4 

4.5 

6... 

1.0 

. 8.0 

1.6 

1.6 

5.5 

7.... 

1.0 

. 9.9 

1.9 

1.9 

6.5 

8... 

1.0 

.12.1 

2.2 

2.2 

7.5 

9... 

1.0 

.14.6 

2.5 

2.5 

8.5 

10... 

1.0 

.17.6 

3.0 

3.0 

9.5 


able for determining the characteristic shape of the incremental rate 
<#frve. 

r 

Conditions for Maximum Efficiency 

Considering first the general case, it may be stated that, when two or 
more machines are operating in parallel to supply a common load, the 
maximum overall efficiency, i.e., the minimum combined input for the 
given combined output, is obtained when the machines are operating at 
outputs which correspond to the same incremental rate value. This is 
based upon three conditions, namely : 

1. That the input-output curves are continuous. 

2. That the first derivatives of the input-output curves (the incre-* 
mental rate curves) are continuous. 

That the value of incremental rate always increases as the output 
ni'fc eases. 
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The proof of this theorem, applied to two machines, follows: 

Let O t = total output of the two machines. 

0\ = output of machine 1 . 

O 2 = output of machine 2. 

It — total input to the two machines. 

I\ = input to machine 1. 

I 2 = input to machine 2. 


It is assumed that Ii = fi(0{) and J 2 ~ / 2 (0 2 ) represent two con- 
tinuous input-output curves and have continuous cferivatives ~~ and 

dO\ 

dl 

— ~ , respectively, which always increase as 0\ and 0 2 increase. There- 
d02 


fore, the second derivatives 
always positive. 

and 


d 2 h . d 2 L 


\ and — | , and hence their sum, are 


auu n 


/< = /1 + / 2 

Ot = Oi + O2 


[5] 

[ 6 ] 


The problem is to determine, for any given value of 0 t , for example, 0„, 
the value of 0\ and 0 2 which will make I t a minimum. Then 

Oi + 0 2 = 0 a a constant [7] 

0 2 = 0 „ - 0 \ [ 8 ] 

/« = /» + / 2 [9] 


will be a minimum when its first derivative with respect to 0\ 
vanishes, since (as will be shown later) its second derivative is positive. 


Thus 

d A = 0 

d0\ 

[10] 

but 

dl t dli . d/ 2 

dOi = dOi + dOi 

[11] 


dli d/ 2 dOz 
~ d0id0 2 X dOi 

[12] 


Furthermore 


dOz d(Oa — 0 1 ) 
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Hence 

dl t 

dli dl 2 

[14] 


dOi 

dOi d02 

Equating 10 and 14, 


dl\ dh _ - 
dO\ dO 2 

[15] 

or 


ii 

^T!o 

[16] 


This means that the minimum input for a given combined output is 
obtained when the incremental rates of the two units are equal. 1 Fur- 
thermore, there is only one pair of loads for any given combined output 
at which the incremental rates will be equal. 

The incremental rate curves corresponding to the input-output curves 
of Fig. 1 are shown in Fig. G. The incremental rate curve for the two 



Fia. 6. Incremental rate curves for machines of Fig. 1. 

machines combined, obtained by adding the outputs of the individual 
machines at any incremental rate value and plotting the total output at 
the same incremental rate value, is also shown. Thus, at an incremental 
rate of 2.0, the outputs of machines A and B are respectively 5.0 and 2.5, 
so that the combined output at that incremental rate is 7.5. "From these 
curves the load division derived from Fig. 2 can be readily checked. 

1 By differentiating 14, 

dj/< = _d_ r _ d/jT _ d 2 /, _ _d_ / dM d 0 2 = dVi _ dlfs d*/i cPh 
dOj ~ dOi [ dOi dOt J ~ dO\ dO-i \dOt) dOi ~ dOl dOT ' = dOf + dO\ 

Since both paints of the sum are positive, the sum is positive and corresponds to a 
minimum. 
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For example, at a combined output of 12, the incremental rate is 2.6, 
and for this value the~otftputs of machines A and B should be 8 and 4, 
respectively. 

It is to be noted that the use of incremental rate curves to determine 
the proper load division between the machines does not require any^ 
tabulation of input values. This accounts for the simplicity of this' 
method compared with the cut-and-try process illustrated by the curve 
/net of Fig. 2. 

Characteristics of Input-Output Curves 

It is not generally recognized that there are limitations to the appli- 
cation of incremental rates to load division. Frequently it Is erroneously 
concluded that the division of load among a group of machines so that 
each is operating at an output corresponding to the same incremental 
rate value will result in the best overall performance under all condi- 
tions. Actually, there are circumstances under which such procedure 
will result in the w T orst rather than the best overall efficiency. To under- 
stand when loading at equal incremental rates should not be applied, it is 
necessary to analyze the characteristics of the input-output and corre- 
sponding incremental rate curves. 

Input-output curves may be classified as beiilg either continuous or 
discontinuous. The terms “continuous” and “discontinuous” are used 
in their generally accepted mathematical sense. If the input-output 
curve is continuous, then for any output the corresponding input will 
have a single finite value. An input-output curve is discontinuous if 
there is any output at which there are two corresponding values of input; 
if there is a range of output for which there are no corresponding values of 
input; or if at any output there is a sudden change in the input. 1 

1 If the input-output curve is discontinuous, it may mean that there is a value of 
the output for which no input value exists, as shown in Fig. (a) in the range of output 
between L\ and 




More likely it may mean that there is an output value at which there is a step- 
like increase or decrease in the input as shown in Fig. (6) at an output of I*. Mathe- 
matically this condition can be described by saying that the limit approached by the 
input, as the output value of Lz is approached, depends upon the direction from 
which the value of L% is approached. 
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Continuous Input-Output Curves 

The types of continuous input-output** curves which are generally 
encountered in power-plant calculations are illustrated in Fig. 7. Al- 
though these are continuous curves, it will be noted that their corre- 
sponding incremental rate curves vary in their mathematical character- 
istics. 

Referring to Fig. 7, the Type I curves satisfy the three conditions 
upon which the general rule is based. The input-output curve is con- 
tinuous, and its incremental rate curve is continuous with values that 
always increase as the output is increased. 

The Type II input-output curve is a smooth continuous curve. 
The distinguishing feature is the point of inflection shown at point a on 
the curve. For outputs up to the value corresponding to point a, the 
incremental rate values decrease as the output increases, and hence the 
third condition under the general rule is violated. Because of this char- 
acteristic, it will subsequently be shown that the incremental rates are 
not the only criteria for determining the proper load division between 
machines having this type of input-output curve. 

Input-output curves consisting of three intersecting straight lines are 
shown as Types III and IV. The incremental rate values are constant 
for each section, and at each point of discontinuity there are two incre- 
mental rate values. Input-output curves consisting of three intersecting 
smooth curves are shown as Types V and VI. The incremental rate 
values are not constant; furthermore, there are two incremental rate 
values at each point of discontinuity. Because the incremental rate 
curves are not continuous, these types do not come within the general 
rule. It is to be noted that the incremental rate values increase at the 
points of discontinuity for the Type III and Type V curves, and decrease 
for the Type IV and*lype VI. The nature of the change in value of the 
incremental rate at a point of discontinuity is very important with re- 
spect to the determination of the proper load division. 

With the foregoing as a background, consideration will now be given 
to the principles underlying the procedure to determine the proper load 
division for machines whose continuous input-output curves do not meet 
all three of the conditions under the general rule. 

Considering first machines with Type III input-output curve charac- 
teristics, it is to be noted that, although the corresponding incremental 
rate curve is discontinuous, the incremental rate values increase at the 
points of discontinuity. Hence, there are no decreasing values of incre- 
mental rate as the output is increased. If at the point of discontinuity 
the incremental rate is considered to have all the values between the 
lower and upper limits, it is possible to operate the machines at outputs 
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corresponding to the same in c remen tal pallia, and curve 
within the general rule . The mathematical proof for the general case 
indicates that for any combined output the combined input to two 
machines will be a minimum for only one combination of loads on the 
individual machines. Under the interpretation given to the incremental 
rate at the point of discontinuity, this condition prevails except in the 
rare case where the incremental rate curves have ranges in which the 
incremental rate values are equal as well as constant. For such a condi- 
tion there will be an infinite number of combinations for any total output 
within the given range, for which the combined input will be constant 
and at a minimum value. These principles are illustrated by the curves 
of Fig. 8. 

•4^teferring to Fig. 8, the input-output curves A and B , and the corre- 
sponding incremental rate curyes AA and BB , are similar to Type III of 
Fig. 7/ Up to a combined oi^put of 7, machine B is maintained at an 
output of 1 while machine A supplies the remainder of the load. This 
follows from the fact that, in this range of output, machine A has a lower 
incremental rate value than machine B. # For combined outputs from 
7 to 9, machine A is operated at an output of 6 while machine B supplies 
the rest. In this range, both machines would be operating at outputs 
corresponding to the same incremental rate value of 0.6. It is to be . 
noted that, for any total output up to and including the value of 9, there % 
is only one combination of loads for which the combined input is a mini-, 
mum. This is indicated by the locus of minima for the curve net showing 
the combined input to machines A and B as a function of the output of 
machine A. For any total output between the values of 9 and 13, the 
load division between the machines will not affect the combined input, 
provided that the output of machine A is not less than 6 or more than 8, 
and that of machine B is not less than 3 or more than 5. The reason for 
this lies in the fact that the incremental rate of machine A for outputs 
between 6 and 8 is equal to the incremental rate of machine B for outputs 
between 3 and 5. Within thege ranges, the combined input will not be 
affected by the machine which supplies the incremental output. Graphi- 
cally this is illustrated by the plane area included in the parallelogram 
KIAIN. 


From the discussion so far some general conclusions may be drawn. < 
These are : 

1. If the incremental rate values of a continuous input-output curve 
do not decrease as the output increases, then the combined input to two 
or more machines whose individual curves have these characteristics 
will be a minimum when the individual machine outputs correspond to 
the same incremental rate value, and 
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2. For any combined output there can be only one combination of 
machine outputs for which the incremental rates of the individual ma- 
chines are equal, with the exception that 
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Fig. 8. Effect of load division on combined efficiency for machines having Type III 
(Fig. 7) input-output, curves. 


3. If, for two or more machines, there are ranges of output for which 
the incremental rates of the individual machines are equal and constant, 

then there may be an indefinite number of combinations of machine 

outputs for which the combined input will remain constant and be at a 

minimum value. 
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4. The above conclusions apply to input-output curves having the 
characteristics illustrated in Fig. 7 as Type I, Type III, or Type V. 

By analysis of the curve nets of Figs. 2 and 8 other conclusions may 
be drawn about the characteristics of the combined input curves for ma- 
chines having the input-output characteristics under discussion. 

1. There is neither a point of mathematical maximum nor a point of 
inflection on any of the combined input curves shown as a function of the 
output of one machine. 

2. The point of actual minimum combined input for any combined 
output coincides with the point of mathematical minimum , except when 
one of the machines is required to operate at either its minimum or maxi- 
mum output to obtain the actual minimum combined input, under which 
conditions there is no point of mathematical minimum on the combined 
input curve and the machines cannot be operated at outputs correspond- 
ing to the same incremental rate value. 

If one machine of a group has incremental rate values which decrease 
as the output increases, then, for any combined output for the group, 
there may be two or more combinations of machine outputs for which the 
respective incremental rates will be equal. The problem then becomes 
one of selecting the combination of machine outputs which will result in 
the actual minimum combined input. 

This is illustrated by the curves of Fig. 9. The input-output and cor- 
responding incremental rate curves of machines A and B are respectively 
similar in characteristics to those of Types I and II of Fig. 7. From 
inspection of the combined input curve net it is seen that some of the 
combined input curves have mathematical minima, some have both 
mathematical minima and maxima, and some have neither. At the 
combined output of 80, there are two combinations of machine outputs 
which correspond to equal incremental rate values. These are: 


Combination 

Incremental 

Rate * 

Machine A 

Output 

Machine B 

Total 

1 

1.7 

71 

9 

80 

2 

1.2 

32 

48 

80 


The first combination of machine outputs corresponds to the mathe- 
matical maximum, and the second to the mathematical minimum, of the 
combined input curve. The mathematical minimum is also the actual 
minimum combined input. 

It is further to be noted that for combined outputs greater than 69 
the point of mathematical minima on the combined input curve indicates 
the load division for the best overall efficiency; i.e., the points of actual 
and mathematical minimum are coincident. For combined outputs 
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below that value, the actual minima are obtained when machine B is 
operated at minimum output even though by so doing the machines are not 
operated at equal incremental rates. 

As indicated by the curve net of Fig. 9, it cannot be concluded as a 
general proposition that the points of mathematical and actual minima 



Output 

Fig. 9. Effect of load division on combined efficiency for machines having Types I 
and II (Fig. 7) input-output curves. 
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will be coincident. If it is definitely known, however, that these will be 
coincident, then it will be helpful to know how the mathematical mini- 
mum may be determined from the respective incremental rate curves. 

It can be mathematically demonstrated that a point on the combined 
input curve at which the incremental rates of the several machines are 
equal is either a mathematical maximum, minimum, or point of inflec- 
tion if the sum of the slopes of the incremental rate curves at the respective 
machine outputs is respectively negative, positive, or zero. 1 Thus at 
the combined outputs of 80, for the first combination of machine outputs, 
the slope of the incremental rate curve for machine A at an output of 71 
is positive, and that for machine B at an output of 9 is negative. By 
inspection it Is evident that the sum of the slopes is negative, and hence 
this combination of loading corresponds to a mathematical maximum on 
the combined input curve. As the mathematical maximum can never 
coincide with the actual minimum combined input, this combination of 
machine outputs can at once be rejected. 

For the second combination, the slopes of the incremental rate curves 
A A and BB are both positive at the points corresponding to the respec- 
tive machine outputs of 32 and 48. Hence the sum of the slopes is posi- 
tive, and this combination of machine outputs therefore corresponds to a 
point of mathematical minimum on the combined input curve. In this 
instance the mathematical minimum is also the actual minimum. 

Analysis of the curve net of Fig. 9 shows that the actual minimum 
combined input may occur for the combination of loading corresponding 
to the end point of the combined input curve, involving the operation of 
machine B at its minimum output. It is therefore important to under- 
stand under what conditions the end point will represent the actual 
minimum combined input. 

First, when the combined input curve does not have a mathematical 
minimum, an end point will always correspond to the actual minimum 
combined input. 

1 If the sum of the slopes is zero, it is still possible to have a maximum or a mini- 
mum rather than a point of inflection. The rigorous test is as follows: 

Determine the successive higher derivatives of the equation for the combined 
input curve until one is found which is not zero at the output in question. If this 
is an odd-numbered derivative, such as the third, fifth, or seventh, there is a point 
of inflection. If it is an even-numbered derivative, such as the fourth, sixth, or 
eighth, the point is a maximum if the derivative is negative and a minimum if the 
derivative is positive. 

Since most of the functions dealt with in practice cannot be readily expressed as 
algebraic equations, the higher derivatives will not often be obtainable. Usually it 
will be discernible from the incremental rate curves whether a point is a maximum, 
minimum, or point of inflection. 
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Second, when a mathematical maximum lies between an end point 
and a mathematical minimum, that end point may be the actual mini- 
mum or be very close to it. Hence the end point loading should be 
checked against the loading corresponding to the mathematical minimum 
to determine which loading will give the actual minimum combined 
input. 1 

The relationship between the mathematical and actual minima on the 
combined input curve can be further illustrated by considering the prob- 
lem of load division between two machines having input-output curves 
similar to those shown for Type VI of Fig. 7, for which the corresponding 
incremental rate curves have discontinuities at which the incremental 
rate values decrease. This problem is presented by the curves of Fig. 10. 
Referring to this figure, the combined input curve net indicates that 
there may be two or more mathematical minima on a curve. Further 
analysis indicates that, for each mathematical minimum, the outputs of 
the individual machines correspond to equal incremental rate values. 
Since the slopes of the respective incremental rate curves are positive, 
except at the points of discontinuity, it follows that the sum of the slopes 
will be positive and hence the corresponding points on the combined in- 
put curve must be mathematical minima. To illustrate, consider the 
possible incremental loading combinations for a combined output of 
11.5, as tabulated below: 



Incremental 

Machine Outputs 

Combined 

Combination 

Rate 

A 

B 

Total 

Input 

1 

1.75 

7.15 

4.35 

11.5 

18.750 

2 

1.80 

7.00 

4.50 

11.5 

18.770 

3 

1.86 

7.50 

4.00 

11.5 

18.795 

4 

1.93 

7.77 

3.73 

11.5 

18.792 

5 

1.95 

6.55 

4.95 

11.5 

18.702 


The above tabulation clearly demonstrates that, for the given com- 
bined output, it is possible to operate the two machines at equal incre- 

1 It may be stated in passing that, when the machine input-output curves and 
the corresponding incremental rate curves are continuous, the number of points on 
the combined input curve corresponding to mathematical maxima is within one of 
being equal to the number corresponding to mathematical minima, and maxima and 
minima alternate with each other (in other words, there cannot be either two suc- 
cessive maxima or minima). Thus if there are two mathematical minima it is possible 
for the curve to have one, two, or three maxima; if there is only one maximum, it must 
be between the two minima. For this case, the end point cannot correspond to the 
actual minimum combined input and may therefore be disregarded. Furthermore, 
if there is no maximum between a minimum and an end point, that end point cannot 
correspond to an actual minimum combined input and hence need not be checked. 
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mental rate values for five different combinations. Of these, combina- 
tions 2 and 3 may be immediately disregarded as corresponding to math- 
ematical maxima on the combined input curve. This follows from the 



fact that one of the machines for each combination would be required to 
operate at an output corresponding to a point of discontinuity on its re- 
spective incremental rate curve. 1 

1 If the incremental rate curves arc regarded as having at the points of discon- 
tinuity all the values between the upper and lower limits, they may be treated as 
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The remaining three combinations correspond to mathematical 
minima on the combined input curve. To determine which one of these 
corresponds to the actual minimum requires that the combined input for 
each combination be determined. The above tabulation shows that 
combination 5 corresponds to the actual minimum of the combined input 
curve of Fig. 10. 

In order to cover the complete range of loading, the method illus- 
trated in Fig. 11 can be used. The combined incremental rate curve is 
established from the incremental rate curves of the individual machines. 
Since these curves consist of three segments each, the combined curve 
will also consist of segments. For example, segment A\B\ of the com- 
bined curve is derived from segments A\ and B\ of machines A and B , 
respectively. In some ranges of combined output it is possible to have 
two or more combinations. Thus for combined outputs between 4.5 and 
6.25, it is possible to have combinations represented by the segments 
AiBi and A 2 B\\ in the range of output between 9.75 and 10.65 it is pos- 
sible to have three combinations, A 2 B\ 9 A 2 B 2 , and A^Bi. The points 
of transition from one combination to another for best overall per- 
formance are obtained by plotting the overall efficiency for each combina- 
tion against the total or combined output. As shown in Fig. 11, the effi- 
ciency curves for the successive combinations will intersect, and the total 
load at the point of intersection is the load at which it becomes economi- 
cal to pass from one combination to the other. 

Referring to Fig. 11, the combined incremental rate curve with the 
points of transition for maximum overall economy is shown by the full 
line. The portions shown by the dotted lines correspond to loading at 
equal incremental rates and to mathematical minima on the combined 
input curves, but they do not correspond to actual minima. 

Determination of the points of transition by the method described 
above requires a considerable amount of calculation when more than two 
machines are involved. In the interest of simplification it is frequently 
expedient to resort to the use of average incremental rate values when 
they wall give results within an acceptable degree of accuracy. To illus- 
trate how this can be applied to the determination of the transition 

though they were continuous. The operation of one machine at an output corre- 
sponding to a point of discontinuity on its incremental rate curve, and the other 
machine at an output corresponding to an incremental rate which lies between the 
upper and lower limits at the point of discontinuity for the first machine, may be 
considered to correspond to operation of . both machines at equal incremental rates. 
Since the slope of the incremental rate curves in question is — <0 at a point of dis- 
continuity, the sum of the slopes, or second derivatives, for this combination of out- 
puts must be negative, and hence the point on the combined input curve must corre- 
spond to a mathematical maximum. 
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points for the two machines under discussion, portions of their respective 
incremental rate curves have been reproduced in Fig. 12. Referring to 



this figure and considering the curve for machine A , the average incre- 
mental rate represented by the line aia 2 can easily be established by 
making the area I above this line equal to the area II below the line. 
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Usually the equal areas can be readily determined by assuming straight- 
line functions for the portions of the curve involved so that each area 
may be considered the area of a triangle. 

The significance of the average incremental rate is illustrated in Fig. 
13. The discontinuity in the incremental rate curve is due to the fact 
that the input-output curve consists of two intersecting smooth curves. 



Machine output 



Fig. 12. Determination of average in- Fig. 13. Significance of average incre- 
cremental rate by equal-area method. mental rate shown in Fig. 12. 


A straight line tangent to the input-output curve at points 1 and 2 will 
have a slope equal to the average incremental rate value represented by 
the line aia 2 . This means that, if the output of the machine is increased 
from L\ to L 2 , the incremental output L 2 — L\ can be supplied at the 
average incremental rate so that the corresponding incremental input 
will be the difference in the inputs represented by points 1 and 2. 

Referring back to Fig. 12, the transition point will be the sum of the 
load corresponding to point bi and the load corresponding to the point of 
discontinuity on the incremental rate curve for machine A. 

A comparison of the results obtained by application of the above 
approximate method with the exact method which employs the com- 
bined efficiency curves is tabulated below for the machines whose incre- 
mental rate curves are represented by the curves of Fig. 11. 
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Transition Load 


Transition 

Average Incremental 

Approximate 

Exact 

From 

To 

Rate Represented By 

Method 

Method 

AiB\ 

A 2 Ih 

(lid2 

5.45 

5.40 

A2B1 

A 2 B 2 


10.25 

10.20 

A 2 B 2 

A Z B2 

<22^3 

11.85 

11.80 

A z B 2 

A Z B Z 

bj ) 3 

16.30 

16.30 


It is obvious from the above tabulation that the close agreement of 
the results justifies the use of the approximate method which has the 
additional advantage of indicating the sequence in which the various 
segments of the respective incremental rate curves should be combined. 
This is a point of considerable importance when loading more than two 
machines of the type under discussion. Referring to Fig. 11, it is seen 
that the transition from segment A 2 B\ of the combined incremental rate 
curve can be made either to segment A 2 B 2 or to segment A 3 B 1 . The 
point of transition to the segment A 2 B 2 is governed by the average incre- 
mental rate represented by the line b\ b 2 and the transition to the seg- 
ment A 3 R 1 by the value represented by the line a 2 a^. Since the value for 
bib 2 is less than that for a 2 a^, the proper transition is from segment A 2 Bi 
to segment A 2 B 2 . Thus the relative values of the average incremental 
rates represented by the lines aia 2 , b x b 2 , a 2 a 3 , and b 2 b 3 indicate the 
sequence in which the segments of the incremental rate curves for the 
respective machines should be combined. 

Discontinuous Input-Output Curves 

When the input-output curve is discontinuous, its incremental rate 
curve is usually discontinuous at the same points. The incremental rate 
may increase or decrease in passing through the points of discontinuity. 
Between points of discontinuity the incremental rate may always increase 
as the output is increased or it may decrease during some range of output. 

In any event, the incremental rates alone are not sufficient to deter- 
mine the division of load which will give the least input. There may be 
several mathematical minima to be investigated. The actual minimum 
combined input may not correspond to a combination of machine loads 
having equal incremental rates. It will then be obtained when one ma- 
chine is operating at its minimum or maximum output or at an output 
corresponding to a point of discontinuity on its input-output curve. 

The principles stated above are illustrated by the curves of Fig. 14. 
The loci of the points of minimum input corresponding to operation in 
each of the three continuous sections of the input-output curve for ma- 
chine B are shown. The actual minimum combined input may be on any 
of the three loci. Thus, for a combined output of 4, the actual minimum 
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Fig. 14. Effect of load division on combined efficiency of two machines, one having 
a discontinuous, the other, a Type I (Fig. 7) input-output curve. 
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combined input occurs when machine B is operating at its minimum out- 
put and the two machines are operating at different incremental rate 
values. At a combined output of 8, the actual minimum combined input 
is obtained when machine B is operating at an output corresponding to a 
point of discontinuity on its input-output curve. The same would apply 
for a combined output of 14. At the combined outputs of 16 and 18, the 
actual minimum input is obtained by operating the machines at outputs 
corresponding to equal incremental rate values. 

Summary 

In this chapter consideration has been given only to the theoretical 
aspects of the problem of load division. Although incremental loading is 
universally recognized as the fundamentally correct basis for loading 
equipment, and is used by many large systems, little or no consideration 
has been given to its limitations. In this connection, curve character- 
istics play an important role, and therefore they have been stressed. 
The influence of curve characteristics on the application of incremental 
loading may be summarized as follows: 

1. The basic performance curve of any machine is its input-output 
curve, which may be mathematically continuous or have mathematical 
points of discontinuity. 

2. A continuous input-output curve may have a continuous or dis- 
continuous incremental rate curve. 

3. If the input-output curves of two or more machines are continuous, 
the operation of the machines in parallel at outputs corresponding to 
equal incremental rates will result in best overall efficiency, provided 
that the incremental rate curves have no decreasing values with increase 
in output. This rule applies to smooth continuous incremental rate 
curves and to discontinuous incremental rate curves whose incremental 
values increase at the point of discontinuity. 

4. If one or more of the incremental rate curves corresponding to 
continuous input-output curves have decreasing incremental values with 
increase in output, or decreasing values at one or more points of discon- 
tinuity, the operation of the machines at outputs corresponding to equal 
incremental values does not necessarily result in the best overall effi- 
ciency. Under some conditions this may result in the worst overall effi- 
ciency, and incremental loading is not the sole criterion for proper load 
division. 

5. If the input-output curves of one or more machines are discontin- 
uous, then incremental rates alone are not sufficient to determine the 
proper division of load among the machines. 
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LOAD DIVISION IN THE BOILER ROOM 
Introduction 

With respect to the economic operation of a boiler plant, the funda- 
mental problem is to obtain the minimum overall production cost at any 
given load or output. To attain this objective, consideration must be 
given to the proper allocation of load to the particular boiler units in 
operation, which requires the collection and use of data pertaining to the 
performance characteristics of the boilers. The success in solving this 
phase of the problem depends largely on the reliability of the available 
data, which in turn is influenced by the facilities available for the testing 
of the various boiler-plant equipment. The amount of work involved 
depends on the uniformity of the installation. Thus for an installation 
consisting of boilers of uniform design, capacity, and performance char- 
acteristics there is no problem of load division, and the amount of work 
involved is at a minimum, since the total boiler-room load may be 
equally divided among the boilers in service. On the other hand, if the 
installation consists of two or more groups of boilers differing in respect 
to design, capacity, and performance, the problem of dividing load among 
the groups of boilers may become very complicated and involve laborious 
computations unless approximate solutions are resorted to. Tin* extent 
to which approximations are used should be governed by the accuracy 
and reliability of the basic data available. Frequently, the data on the 
boiler-room equipment are of such a nature that only the simplest type 
of calculation can be justified. Even if the data are of the highest type, 
consideration should be given to the use of approximate methods, if such 
use results in simplification and reduction in the amount of work in- 
volved, without introducing more than a negligible error in the compu- 
tations. 

To present a complete picture of the problem, it is necessary to dis- 
cuss all the factors which influence the correct solution. However it 
should not be concluded from this that all the refinements should always 
be included in the calculations. As stated above, the extent to which 
they may be omitted or modified should be governed by the amount of 
work required if they are included, the reliability of the data used, and 

26 
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the magnitude of the error which may be incurred if they are omitted or 
modified. 

The calculations for the boiler room have two purposes in view. The 
first is to establish the incremental rate curves for the individual boilers 
so that the boiler-room load may be properly divided among them. The 
second is to combine these curves to represent the incremental rates for 
the boiler room as a whole. By properly combining these rates with the 
incremental rate curves for the turbine room, the incremental rates for 
the generating station are established so that the correct division of load 
among the generating stations of the system may be effected. 

Methods of Loading Boilers 

The problem of boiler loading is a natural result of the advancement 
in the art of boiler design. In the early days of the industry, it was com- 
mon practice to install a large number of relatively small boilers of uni- 
form design and performance characteristics. For this type of installa- 
tion the problem of load division did not ordinarily exist, since all the 
boilers could be uniformly loaded for maximum overall efficiency. The 
output of the boilers would frequently be indicated by steam flow meters, 
calibrated to indicate the steaming rates of the boilers as a function of 
the manufacturer’s rating in boiler horsepower. Thus the custom arose 
of operating the boilers at steaming rates corresponding to the same “per 
cent rating.” 

As larger and more efficient boilers were installed, either as replace- 
ments for or additions to existing installations, the practice of loading 
the boilers to maintain outputs at the same per cent rating continued for 
a while. This resulted in a boiler loading which was proportional to the 
manufacturer’s rating in boiler horsepower. It was soon recognized that 
this practice did not result in maximum overall economy since no account 
was taken of the large difference in boiler efficiency between the two 
groups of boilers. 

It was logical to assume that the more efficient boilers should generate 
a greater proportion of the total load. This was accomplished by base- 
loading the more efficient boilers until a load was reached at which the 
efficiencies of the two groups became equal, after which the boilers were 
loaded so that they operated at outputs corresponding to the same effi- 
ciencies. 

With the development of the theory of incremental rate loading, a 
third method of load division became available. 

The three methods of load division are shown in Tables II, III, and 
IV, which were derived from the performance curves for the two boilers 
shown in Fig. 15. 
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Boiler Load Division— Equal Efficiency Method 
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In Figs. 16 and 17 arc shown the loading curves and combined effi- 
ciencies resulting from the division of load by each of the three methods. 
Under the method of loading by equal per cent ratings, both boilers are 
loaded simultaneously until boiler A reaches maximum output. This 
range corresponds to the portion of the curve between points 1 and 2; 




Fio. 15. Boiler performance curves. 

between points 2 and 3, boiler A operates at maximum capacity while 
boiler B supplies the remainder of the load. 

By the equal efficiency method, boiler A is held at minimum output 
while boiler B picks up the additional load until its efficiency is reduced to 
that of boiler A. This is represented by the portion of the curve 
between points I and 6. From point 6 the boilers are loaded simultane- 
ously until boiler B reaches its maximum at point 7. From point 7 to 
point 3, boiler A takes the additional load. 

By the incremental rate method, boiler A remains at minimum output 
while boiler B picks up the additional load until at point 4 its incremental 
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rate is equal to that of boiler A. In the range from point 4 to point 5 
the boilers have equal incremental rates; from point 5, at which boiler A 
reaches maximum, to point 3, boiler B takes all the additional load. 



Fig. 16. Curves showing three methods of loading the boilers of Fig. 15. 

The curves of Fig. 17 show that at no time is the combined efficiency 
based upon incremental rate loading exceeded by the efficiency obtained 
by either of the other two methods. In the range of output indicated 
between points 1 and 4 the boilers cannot be operated at outputs corre- 
sponding either to equal incremental rates or to equal efficiencies. 
Similarly, in the range between points 5 and 3 neither the per cent ratings 



Fig. 17. Combined efficiency curves for the three methods of loading shown in 

Fig. 16. 

nor the incremental rates corresponding to the respective outputs can be 
equal. Thus the coincidence of the curves in these ranges of output is due 
to the fact that the loading is the same as that obtained with the incre- 
mental rate method. 
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Boiler Efficiency Curve 

For the purpose of boiler-room analysis, the boiler efficiency curve 
represents the most important data, and its accurate determination is 
essential. Some idea of the variety of boiler efficiency curves that may 
exist can be gathered from inspection of Fig. 18, which is typical for a 
large system. 



0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 

Boiler output— 10°Btu per hour 

Fig. 18. Variety of boiler efficiency curves typical for a large electric system. 


The boiler efficiency is generally expressed as a function of boiler 
output which may be indicated in three different ways: 

1. As a percentage of the builder’s nominal boiler-horsepower rating 
of the boiler. 

2. By the quantity of steam delivered by the boiler, pounds per hour. 

3. By the heat absorbed by the boiler, Btu per hour. 

The most satisfactory measure of boiler output is the heat absorbed 
by the boiler unit, and it will be found that the calculations can be expe- 
dited if the boiler output is expressed in thermal units. It is recognized, 
however, that it may be more convenient to the boiler-room operators to 
have the output also expressed in one of the other forms. The heat 
absorbed by a boiler can be obtained from the following 

B = BhpXRX 33,475 X 1(T 8 = W(H - q) X 1(T 6 [17] 

where B = boiler output in 10 6 Btu per hour. 

Bhp = builder’s nominal rating in boiler-horsepower. 

R = boiler output in per cent of nominal rating. 
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W = steam delivered by the boiler in pounds per hour. 

H = enthalpy of the steam delivered by the boiler in Btu per 
pound. 

q = enthalpy of the feedwater supplied to the boiler in Btu per 
pound. 

33,475 Btu per hr = 1 boiler-horsepower. 

The boiler efficiency curve which should be used for load-division pur- 
poses is one which represents the performance of the boiler under actual 
operating conditions. This is not easily obtainable even when adequate 
test facilities are available. Whether the boiler efficiency curves have 
been judiciously selected can be determined by computing the overall 
boiler-room efficiency for some period of time, say one month, and com- 
paring the computed results with the actual boiler-room performance. 
This check should indicate a variation of less than 1 per cent between 
actual and computed performance. 

Some consideration might profitably be given to the various methods 
for establishing a boiler efficiency curve, and their relative merits. 

1. Guaranteed Performance. The guaranteed performance of a boiler 
based on its design characteristics can be procured from the builder. 
Progress in the art of design is such that modern boilers actually do meet 
their guarantee performances, and when facilities for testing the boiler 
are not available, the use of this curve is acceptable, provided that it is 
first corrected to actual operating conditions. 

2. Acceptance Tests. Shortly after a boiler is put in service it is often 
the practice to test the boiler for acceptance, the purpose being to deter- 
mine whether the performance of the boiler meets the builder’s guaran- 
tees. If the boiler is tested in accordance with prescribed test codes, the 
efficiency curve established by this means usually represents the best 
data that are possible of attainment, and indicates the ultimate efficiency 
at which the boiler may be expected to operate. 

With increase in service hours a decrease in the efficiency is to be 
expected. This may be attributed to such causes as tube fouling and 
slagging, leaky baffles and settings, and the absence of special supervision 
of fire conditions. It is obvious, therefore, that some modification of the 
acceptance test efficiency curve is necessary, if it is to conform to the 
average conditions under which the boiler is expected to operate. 

3. Loss Method. When the boiler efficiency curve cannot be estab- 
lished from either of the above sources, recourse can be had to the loss 
method, which involves the calculation of the boiler losses from a series 
of rather simple test observations. This method is the least desirable 
since it involves the estimation of the radiation and unaccounted-for 
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losses of the boiler. The procedure for calculating the boiler losses is 
readily available in any standard handbook and in the test codes for 
steam-generating units issued by the American Society of Mechanical 
Engineers. 

Boiler Auxiliaries 

For an academically complete solution of the problem of boiler load 
division it is necessary to adjust the individual boiler incremental rate 
curves for differences in boiler auxiliary requirements. This necessitates 
data which will permit the plotting of the input to the auxiliaries against 
the boiler output. With non-condensing non-extraction-type steam- 
driven auxiliaries the heat consumption chargeable against the auxiliaries 
is the heat input to the throttles of the auxiliary turbines less the heat 
recovered from the exhaust steam, which may be expressed as 

5 = W(II - h) [18] 

when 1 S = heat consumption of or input to the steam-driven boiler 
auxiliaries, in Btu per hour. 

W = steam supplied to the throttles of the auxiliary turbines in 
pounds per hour. 

II = enthalpy of the steam at the throttle in Btu per pound. 
h = enthalpy of the steam at the exhaust in Btu per pound. 

With electrically driven auxiliaries, the input generally being ex- 
pressed in kilowatts, it is first necessary to convert the kilowatt input 
into equivalent heat units or Btu per hour referred to the boiler outlet. 
The proper conversion factor for this purpose is the prevailing incremen- 
tal heat rate of the main or house turbine-generator units (depending on 
which is the source of supply). In order to visualize the steps in the 
process, consider a boiler which is supplying steam to operate a turbine- 
generator at a given load. Assume that the boiler is provided with two 
sets of auxiliaries, one steam driven, and the other electrically driven. 
If only the steam-driven auxiliaries are used, the boiler output is greater 
than the input to the main turbine-generator by an amount equal to the 
heat input to the steam-driven auxiliaries. If the electrically driven 
auxiliaries are substituted for the steam-driven ones, and these are sup- 
plied by the main turbine-generator, the load on the generator would 
have to be increased by an amount corresponding to the consumption of 
the electrically driven auxiliaries, and there would have to be an increase 
in the input to the main turbine-generator to provide for the additional 
load generated. 

The increase in turbine-generator load is nothing more than an “ ‘in- 
cremental output” for which the corresponding “incremental input” is 
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the product of the boiler auxiliary power (referred to the terminals of the 
main generator) and the turbine-generator incremental heat rate. The 
input to the electrically driven auxiliaries will then be expressed in ther- 
mal units, Btu per hour, and in a form which can be used for correcting 
the boiler efficiency curve. 

Steam Temperature Characteristic 

The economy of operation of a turbine is affected by the temperature 
of the steam supplied to the throttle. A decrease in temperature results 
in a decrease in turbine efficiency, and an increase in temperature results 
in an increase in efficiency. Consequently, although two boilers may be 
operating in parallel with equal efficiencies, if their respective steam tem- 
peratures are not the same, the steam at the lower temperature is used 
less efficiently in the turbine than the steam at the higher temperature. 

It is evident that some adjustment is necessary for the better economy 
obtained in the turbine from steam at the higher temperature. This 
can be done by calculating the turbine-generator performance for a fixed 
steam temperature at the throttle and then adjusting the individual 
boiler efficiency curves for the variation of their respective steam tem- 
peratures from this fixed value. 

In establishing the temperature characteristic of the steam as a func- 
tion of the boiler output, consideration should be given to the tempera- 
ture of the feedwater supplied to the boiler. Quite frequently it will be 
found that a boiler has been tested with feedwater at a temperature other 
than that which prevails under normal operating conditions. A change 
in feedwater temperature will change the steam temperature, and it be- 
comes necessary to correct the steam temperature characteristic obtained 
under test to the temperature at which the feedwater is normally supplied 
to the boiler. The relation between steam temperature and feedwater 
temperature should preferably be established by test. 

The station heat balance may be such that the feedwater is supplied 
to the boilers at a constant or variable temperature. A variable feed- 
water temperature is generally obtained when turbines are operated with 
a regenerative cycle involving the extraction of steam for feedwater heat- 
ing; the temperature of the feedwater will then depend upon the number 
of turbine-generators in operation and the loads on the individual units. 
The effect of supplying the boilers with feedwater at a variable tempera- 
ture complicates the general problem of adjusting the boiler efficiency 
curves for differences in steam temperature, since it requires considera- 
tion and adjustment of the turbine-generator performance. This phase 
of the subject is treated in greater detail in a later chapter and at this 
point need be considered only to the extent of bearing in mind that, if 
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the feedwater temperature varies, the steam temperature characteristic 
should be corrected to some constant feedwater temperature, preferably 
an average value for the station as indicated by the operating records. 

Maximum Steaming Rate 

The determination of the maximum steaming rate of an individual 
boiler presents no difficult problem. When a group of boilers is served by 
the same fan equipment or stack, the capacity of this equipment may not 
permit all the boilers to be operated simultaneously at their maximum 
individual steaming rates. There are many reasons why it might be 
undesirable to operate a boiler at its maximum steaming rate. Operation 
of a boiler at very high ratings generally results in excessive maintenance 
costs and reduces the availability of the boiler for service. It may result 
in steam temperatures in excess of the permissible value for the turbine. 
It may result in a nuisance by the excessive discharge of smoke, fly ash, 
or cinders from the stack. 

For normal conditions, an operating limit should be established, this 
being a matter of judgment based on experience. By so doing, a reserve 
capacity is obtained which can be utilized under emergency conditions 
during which the economic loading of the boilers is not of primary 
importance. 

Minimum Steaming Rate 

The minimum steaming rate at which a boiler will be operated de- 
pends upon the practice in the particular station. For stoker-fired boil- 
ers, the more important of the factors which usually determine the 
minimum steaming rate are the ability to maintain satisfactory fuel-bed 
conditions, the efficiency, and the responsiveness to sudden demands 
which may be made upon the boilers while operating at a low rate. 

For boilers burning pulverized coal, gas, or oil, the minimum rate of 
operation will generally depend upon the minimum burner capacity re- 
quired for flame stability, and whether or not some of the burners can 
be cut out. 

A knowledge of the minimum steaming rate for each type of boiler in 
the station is necessary, both for analysis to determine the proper bank- 
ing sequence and for the calculation of incremental rate curves for various 
combinations of boilers. 

Banking Losses 

During the daily load cycle of a steam-generating station, there is 
generally a period in which some boilers are banked. The purpose of this 
may be to eliminate the necessity of operating boilers below their mini- 
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mum steaming rates or to increase the overall boiler-room efficiency. 
The banking practice merits careful analysis since it may disclose im- 
proper procedure with a corresponding loss in operating efficiency. 

The term “banking” may be interpreted in various ways. Generally 
speaking, banking involves the operation of a boiler with no steam out- 
put. The resulting loss will depend on the manner of banking. If a 
boiler is operated with the thought in mind that it may suddenly be 
called upon to generate steam, then sufficient fuel is burned to maintain 
the boiler pressure at or slightly under line pressure. Under these condi- 
tions the boiler is said to be operating at a live bank. It may not be 
possible to maintain line pressure without generating a very small 
amount of steam, and when this condition prevails the boiler is sometimes 
referred to as operating at a steaming bank. 

For stoker-fired boilers, in addition to maintaining steam pressure, it 
is necessaiy to maintain the fuel bed sufficiently thick to prevent the coal 
from being blown off the stoker when there is a sudden demand for steam. 
For boilers burning pulverized coal, gas, or oil, intermittent firing of one 
or more burners may be required to maintain the boiler at a live or steam- 
ing bank. The loss, in either type of boiler, is the fuel consumption 
necessary to maintain the boiler at the required condition. 

If it is definitely known that the boiler will not be subject to sudden 
demands for steam, it may be operated at a pressure considerably less 
than line pressure. This is generally referred to as a dead bank condi- 
tion, which is permissible for long-time banking when notice will be given 
in advance of the time when steam will be required from the boiler. 
The banking loss will obviously be less than for a live bank, since the 
boiler settings are permitted to cool off. Hence, when the boiler is 
thereafter brought up to line pressure and to a steaming condition, addi- 
tional heat will be required to bring the settings back to normal operating 
temperatures. To obtain the average hourly loss, it is then necessary to 
divide the total heat input to the boiler, including the input necessary to 
start the boiler steaming, by the duration of the banked period. 

Adjustment of Boiler Efficiency Curve to Operating Conditions 

Before using the boiler test curve it is desirable that it be checked 
against the actual performance of the boiler under average conditions of 
cleanliness. Operating records will generally disclose the number of 
boiler service hours between periodic outages for overhaul and cleaning, 
and the boiler may be considered to be at average cleanliness after it has 
been in operation for half the usual period between cleanings. 

The check is made by comparing the average boiler efficiency ob- 
tained over a given period of operation, with the “bogey” average effi- 
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Operating factor = 0.953 
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ciency derived by integrating the test values over a boiler-load-duration 
curve for the period. The load-duration curve can be easily prepared if 
the boiler is equipped with reliable steam flow or feedwater meters, and if 
the steam pressures and temperatures and the feedwater temperatures 
are made available either by measurement or from recording meters. 
The input to the boiler would be determined by the quantity of coal 
burned and its calorific value. A sample calculation is shown in Table V. 

If adjustment of the test curve is indicated by reason of the procedure 
outlined above, the problem to be met becomes the determination of how 
the adjustment should be made. One method is to multiply the effi- 
ciencies of the test curve by the constant operating factor derived in the 
manner indicated in Table V. The principal objection to this method is 
the fact that the ratio of the operating efficiency to the test efficiency is 
probably not a constant but varies with the boiler output, being a maxi- 
mum at minimum output and a minimum at maximum output. Since 
the operating characteristic of most boilers is such that the efficiency is 
highest at or near its minimum operating output and lowest at its maxi- 
mum rating, it follows that the application of a constant factor to the test 
curve will result in an adjusted curve with the greatest reduction in effi- 
ciency at the output corresponding to the highest value of the test 
efficiency, and the least reduction in efficiency at the output correspond- 
ing to the lowest test efficiency. 

Actually, general experience indicates that the effect of boiler fouling 
is to cause the least reduction in efficiency at or near minimum rating 
and the largest reduction at maximum rating, a condition which is the 
reverse of that obtained when a constant operating factor is applied. 
The conclusion is obvious, therefore, that the application of a constant 
operating factor should be resorted to only when no other means of 
adjustment are available. 

The best method for determining the boiler efficiency curve for aver- 
age cleanliness is by test, which should be simplified to whatever extent 
facilities will permit. Utilization of available recording instruments to 
determine steam flow, pressure, temperatures, and quantity of fuel 
burned is recommended. The boiler should be operated by the attendant 
normally assigned to it, without giving it any special attention, and at a 
sufficient number of constant loads to permit the determination of the 
efficiency curve. 

A comparison of both methods is shown in Fig. 19. Curve A shows 
the efficiency under test conditions; curve B , the operating efficiency at 
average boiler cleanliness determined by applying a constant factor to 
the test efficiency; and curve C shows the operating efficiency determined 
by test. The corresponding boiler incremental rates are shown by curves 
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A A, BB, and CC. Inspection of the incremental rate curves indicates 
that the use of a constant operating factor will give incremental rate 
values which are lower than those derived from the actual operating effi- 
ciency curve, and hence will re- 
sult in incorrect load division in 
the boiler room and in station 
incremental rate curves which do 
not correctly define the perform- 
ance of the station. 

With respect to an individual 
boiler, the operating efficiency 
curve will be pessimistic during 
the early periods of service follow- 
ing the overhaul of the boiler, 
and optimistic in the period 
preceding its overhaul. With re- 
spect to a group of boilers, how- 
ever, the diversity in the cleanli- 
ness of the individual boilers will 
make the cleanliness of the group 
as a whole close to the average 
to which the test efficiency curve 
of the individual boilers have 
been adjusted. This follows from 
the fact that it is the usual 
practice to stagger the outage of 
boilers for overhaul in a plant, so that the individual boilers are in 
different stages of cleanliness at any given time. 

Adjustment for Steam Temperature 

The difficulties encountered in adjusting the boiler efficiency curve for 
variation in steam temperature can best be understood by reference to 
the simplest type of installation. Consider a single turbine-generator 
supplied with steam from a single boiler, and let it be assumed that the 
auxiliaries for the boiler and turbine are electrically driven and that the 
feedwater to the boiler is at a constant temperature. Under these con- 
ditions, the boiler output is equal to the turbine input, and the combined 
efficiency of the boiler and turbine-generator may be expressed as 

E = E b XE t [19] 

where E = combined efficiency of the boiler and turbine-generator. 

E b = efficiency of the boiler. 

Et = efficiency of the turbine-generator. 



Fig. 19. Effect of a constant boiler effi- 
ciency correction factor on the incremental 
rate curve. 
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The boiler efficiency E & is readily obtained, since it is a function of the 
boiler output. The turbine-generator efficiency E t) however, cannot be 
directly determined since, for a given load on the generator, the required 
output of the boiler will depend on the temperature of the steam corre- 
sponding to the boiler output. It therefore becomes necessary to estab- 
lish the relation between the turbine-generator efficiency, the boiler out- 
put, and the steam temperature. This can be done by plotting the tur- 
bine-generator efficiency as a function of the boiler output in a series of 
curves for different steam temperatures. The steam temperature for a 
given boiler output being known, the corresponding turbine-generator 
efficiency is then obtained directly or by interpolation from the curves. 
The calculations involved become too cumbersome for practical applica- 
tion to more than one turbine-generator and one boiler. For example, 
when two or more boilers with different steam-temperature character- 
istics operate in parallel, the temperature of the steam delivered to the 
turbine room through a common header will depend upon the outputs of 
the individual boilers and the steam temperatures at the respective 
boiler outputs. This introduces an additional item to be calculated. 
Furthermore, the efficiency of a turbine-generator is influenced by the 
vacuum at the exhaust of the turbine as well as by the temperature of the 
steam supplied to its throttle. This greatly increases the number of 
curves that must be established for the turbine-generator under the pro- 
cedure described above. 

To reduce the calculations to a minimum, the equivalent efficiency or 
equivalent heat rate of the turbine-generator should be established, cor- 
rected to a fixed or standard steam temperature. Usually, a series of 
curves is so established for which the vacuum at the turbine exhaust is 
made the parameter. (This phase is discussed in greater detail in the 
next chapter.) With respect to equation 19 this operation changes the 
value of E t so that it becomes necessary to change the boiler efficiency Eb 
in such a manner that the combined efficiency E will remain constant and 
unaffected. 

To illustrate the method for adjusting the boiler efficiency to the 
standard temperature, for a single boiler and single turbine-generator, let 

T 8 = standard steam temperature to which the turbine and boiler 
performances are corrected, degrees Fahrenheit. 

T a = actual steam temperature at the turbine throttle, degrees 
Fahrenheit. 

W a = turbine steam consumption at standard temperature corre- 
sponding to some given load, pounds per hour. 

W a = turbine steam consumption at actual steam temperature 
and same given load, pounds per hour. 
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I a = actual boiler input, Btu per hour. 

B a = actual boiler output required when steam is at temperature 
T 0 , Btu per hour. 

B, = equivalent boiler output which would be required if steam 
were at the temperature T„ Btu per hour. 

H, - enthalpy of the steam at temperature T„ Btu per pound. 
H a = enthalpy of the steam at temperature Ta, Btu per pound. 
q = enthalpy of feedwater into boiler, Btu per pound. 
c = turbine steam consumption correction factor for variation 
of superheat at turbine throttle. 1 


Then 



B, = W,(H, - q) 

[20] 


Ba = Waifla ~ q) 

[21] 

But 

Wa = W s [ 1 + C(T S - T 0 )] 

[22] 

Therefore 

Ba = W.[l + c(T, - T a )](H a - q ) 

To 

CO 

and 

Bs (H, - q) 

Ba [1 + C(T, - T a )](H a - q) 

[24] 

or 

B, (H, - q) 

[25] 


Ba C(Ha - q) 

where 

C = 1 + c(T s - Ta) 



Equation 25 indicates the ratio of the boiler output at standard steam 
temperature to the actual output. 

Let O t = output of the generator expressed in thermal units, Btu per 


0 B 

hour; then, under actual conditions, E t = — ; = -p ; and 

Ba I a 


E = E t X E b = 9* X y = y [26] 

a a J-a 

Equation 26 expresses the combined efficiency as the ratio of the 
generator output to the boiler input. 

1 The correction factor is assumed to correspond to constant load. In modern 
practice separate corrections are made to the steam flow and steam rate. 
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Letting E? b and E l l = the boiler and turbine-generator efficiencies, 
respectively, adjusted to the standard steam temperature, T„ then 
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Fig. 20. Adjustment of 
boiler efficiency and input- 
output curves to a standard 
steam temperature. 


The application of the adjustment indi- 
cated by equations 25, 30, and 31 is graphi- 
cally illustrated in Fig. 20. For a given load 
on the generator, the actual boiler output B a 
is represented by point 1 on the input-output 
curve. The corresponding steam tempera- 
ture T a and boiler efficiency Eb are indicated 
by points 2 and 3, respectively. At standard 
temperature T 8 the required boiler output B 8 
for the given generator load is calculated 
from equation 25, and the corresponding efficiency E* b from equation 31. 
The actual input I a remains unchanged, and it is plotted against the 
adjusted boiler output B 8y thereby fixing point 4 on the adjusted input- 
output curve. The adjusted efficiency E' b is also plotted against the 
adjusted output B 8) fixing point 5 on the adjusted efficiency curve. An 
actual calculation by this procedure is shown in Table VI. 

The adjusted values of output and efficiency are used as though they 
were the actual values. This condition must prevail if the overall per- 
formance of the boiler and turbine-generator is to remain unaffected by 
the adjustment of the turbine-generator and boiler performance to the 
standard temperature T 8 . 

Boiler-loading schedules are usually expressed in terms of steam flow. 
This requires the conversion of the adjusted output expressed in thermal 
units to the corresponding actualsteam flow. The tabular data necessary 
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for computing the adjusted efficiency curve, as shown in Table VI, are 
sufficient to establish the actual steam flow W a by means of equation 21. 
The actual steam flow corresponding to the adjusted outputs can be 
graphically shown by means of an auxiliary scale or as a curve, both 
methods being illustrated in Fig. 23. 

The correction for steam-temperature variation is frequently applied 
to the turbine-generator heat rates rather than to the steam rates. By 
adding the following notation to that above, the relation between B 8 and 
B a is derived as follows : 


Let HR S = turbine-generator heat rate at the standard steam tem- 
perature T 81 Btu per kilowatt-hour. 

HR a = turbine-generator heat rate at the actual steam temper- 
ature T ay Btu per kilowatt-hour. 

L = generator load, kilowatts. 

k — correction factor applied to the heat rate for variation in 
the superheat of the steam at the turbine throttle. 

Then 



HR Wa(Ha ~ q) 


° L 

and 

Im W.(H, - g) 


* L 

But 

HRa = HR,[ 1 + k[T, 

where 



K = 1 + k(T 8 - To) 


[32] 

[33] 

= K X HR, [34] 


Therefore 


HR. = 1 = W,(H, - q) ^ - q ) = - q) 

HR a K L ' L W a (H a - q) L< * 5J 

But 

B, = W,(H, - q) and B a = W a (H a - q) [36] 

Therefore 


B, = l = E' b = 1 

B a K ~E b [1 + k(T, - T a )] 


[37] 


In the discussion so far, it has been assumed that all the station 
auxiliaries are electrically driven so that in substance the output of the 
boiler might be considered equal to the input to the turbine-generator 
unit. When the auxiliaries are steam driven, the above assumption no 
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longer prevails, and adjustment of the boiler outputs to the standard 
temperature is then derived as follows: 

Let W a and W 8 = the steam delivered by the boiler at the actual and 
standard temperatures, T a and T 8) respectively, 
pounds per hour. 

Wta and W t8 = the steam to the main turbine throttle at the ac- 
tual and standard temperatures, T a and T 8y 
respectively, pounds per hour. 

A a and A 8 = the steam to the auxiliary turbine throttles at the 
actual and standard temperatures, T a and T 8) 
respectively, pounds per hour. 

candc' = the corrccoion factors applied to the steam rates 
for variation in superheat of the steam to the 
throttles of the main and auxiliary turbines, re- 
spectively. 

Then 

Wa = Wta + A a and W 8 = W t8 + A 8 [38] 

and 

B a = Wa(H a - ?) = (W ta + A a )(H a - q) [39] 

also 

B. = W,{H. -q) = (W ta + A S )(H S - q) [40] 

But 

Wta = w„[l + c(T t - Ta)] or W ts 

and 

= A,[ 1 + c\l\ - T a )] or A, 

Therefore 

T Wfg ~ Aa | 

B , = 1 l+c(T, - T a ) + 1 + c'(T s - T g) J / U, - q \ [ 43 ] 

B a Wta + A a \H a ~ q) 

Equation 43 can be applied when the total station auxiliary steam 
consumption A a is known. When the load and combination of boilers 
and turbine-generator units in service are known, it is a relatively simple 
matter to establish the total auxiliary steam consumption. Since it is 
desired to calculate the performance in the boiler room independently of 
the performance in the turbine room, no simple method is available by 


T411 

[1 +c(T s -T a )] 1 J 

— [42] 

[1 + S(T, - Ta)] 1 J 
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which to establish the value of A a) because the auxiliary steam consump- 
tion in the turbine room is independent of that in the boiler room. For 
this reason, the use of equation 43 is limited to the case where the overall 
performance of the station is to be calculated for a given combination of 
boilers and turbine-generators. 

No material error is introduced in the calculations if the value of c' be 
assumed to be equal to that of c. This follows from the fact that the 
quantity of steam used by the station auxiliaries is generally small in 
comparison with the total quantity generated by the boilers. Under this 
assumption, equation 43 reduces to equation 24, permitting the inde- 
pendent calculation of the boiler-room performance. 


Curve A - Input to boiler auxiliaries 

B-Actual boiler input-output curve 
^7 — Boiler input-output curve 
adjusted to standard steam 
temperature. 

D-Boiler input-output curve at 
standard steam temperature 


Adjustment for Auxiliary Power Consumption 

When the boiler-room auxiliaries are steam driven, the effect of their 
steam consumption is to reduce the amount of steam available for use in 

the turbine room. At a given boiler out- 
put the effect is to reduce the load gener- 
ated by the main turbine-generators. 

If the boiler auxiliaries are electrically 
driven, the total boiler output is available 
to the throttles of the main turbine- 
generators, and for the same boiler output 
there is an increase in the gross generated 
load. The effect of the boiler auxiliaries is 
to decrease the load available at the sta- 
tion bus for transmission and distribution. 

Hence, regardless of the type of auxili- 
ary drive, the adjustment of the boiler 
input-output curve should consist of a 
reduction in boiler output by an amount 
equal to the thermal input to its auxili- 
aries. The method of doing this, assum- 
ing that the input to the boiler auxiliaries 
is available in terms of thermal units and 
as a function of the boiler output, is illus- 
trated in Fig. 21. At any gross boiler output B g the input to the boiler 
auxiliaries is obtained from the auxiliary power curve at point 1. The 
input to the auxiliaries is subtracted from the gross boiler output at 
point 2 on the boiler input-output curve (which has been adjusted to the 
standard steam temperature), locating point 3. The difference between 
the outputs at point 2 and point 3 is equal to the input to the boiler 
auxiliaries, represented by point 1. The output corresponding to point 3 



Fig. 21. Adjustment of boiler 
input-output curve for auxiliary 
power consumption. 
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therefore represents the net boiler output B n . By repeating this process 
for several values of the gross boiler output, enough points are obtained 
to permit the plotting of the boiler input-output curve adjusted to the 
standard steam temperature and for the power consumption of the boiler 
auxiliaries. 

Incremental Rate Curve for an Individual Boiler 

The calculation of the individual boiler incremental rate curve incor- 
porating the corrections for variation of steam temperature from the 
standard value and for its auxiliary power consumption is a relatively 
simple matter. If the boiler efficiency curve is available, the boiler incre- 
mental rate curve can be calculated without plotting the corresponding 



80 100 120 140 160 180 200 220 240 260 


Actual boiler output— £ a — 10 6 Btu per hour 
Fig. 22. Actual boiler performance curves. 

input-output curve. The step-by-step procedure is illustrated in Tables 
VI and VII for the actual boiler performance curves shown in Fig. 22. 

The first step is to correct the boiler efficiency curve to the standard 
steam temperature as shown in Table VI. 

For the second step, the efficiency curve adjusted to the standard 
temperature is plotted. This curve is shown in Fig. 23, having been 
obtained by plotting the values of E 8 against the boiler output B 9 . 

The final step is the calculation of the boiler incremental rates, incor- 
porating the correction for the boiler auxiliary power consumption. This 
calculation is shown in Table VII. 

In column 1 of this table, boiler outputs are selected so that the 
successive differences in output (the incremental outputs) are equal. 

In column 2 are recorded the boiler efficiencies corresponding to the 
outputs of column 1. These values are read from the boiler efficiency 
curve adjusted to the standard temperature, shown in Fig. 23. 

The values of column 3 are obviously obtained by dividing the values 
of column 1 by the corresponding values of column 2. 

Column 4 indicates the incremental boiler inputs, obtained as the 
differences between successive values of column 3. 
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The auxiliary power consumption corresponding to the boiler outputs 
of column 1 are shown in column 5. These are read from the auxiliary 
power consumption curve of Fig. 23, which has been corrected to the 
standard temperature T, in accordance with equation 42. 

The net boiler outputs are tabulated in column 6, obtained as the 
differences between the corresponding values of columns 1 and 5. 




Fig. 23. Adjusted boiler performance curves. 


The net boiler incremental outputs are shown in column 7. These 
are the differences between successive values of column 6. 

In column 8 are tabulated the net boiler incremental rates, which are 
obtained by dividing the values of column 4 by the corresponding values 
of column 7. 

The net incremental rates are plotted against the adjusted gross 
boiler outputs, the values of which are indicated in column 9. The 
incremental rates are, in fact, averages for the intervals of output repre- 
sented by the differences between the successive values of boiler output 
tabulated in column 1. The outputs against which the incremental rates 
are plotted, indicated in column 9, are therefore the arithmetical averages 
of the successive values of column 1. 



Boiler Incremental Rate Curve 
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Output 
against Which 
Rb is Plotted 
10* Btu per Hour 

(9) 

105 

115 

125 

135 

145 

155 

105 

175 

185 

- 

195 

205 

215 

225 

235 

245 

Net 

Incremental 

Rate 

(Rb) 

(8) 

1.012 

1.019 

1.022 

1.034 

1.042 

1.052 

1.065 

1.079 

1.107 

1.140 

1.183 

1.241 

1.311 

1.407 

1.500 

Incremental 
Net Boiler 
Output (A B n ) 
10* Btu per Hour 

(7) 

9.86 

9.86 

9.86 

9.86 

9.86 

9.86 

9.86 

9.85 

9.81 

9.80 

9.80 

9.80 

9.77 

9.73 

9.70 

Net Boiler 
Output (B n ) 
10 6 Btu 
per Hour 

(6) 

98.02 

107.88 

117.74 

127.60 

137.46 

147.32 

157.18 

167.04 

176.89 

186.70 

196.50 

206.30 

216.10 

225.87 

235.60 

245.30 

Auxiliary Power 
Consumption 
10* Btu 
per Hour 

(5) 

1.98 

2.12 

2.26 

2.40 

2.54 

2.68 

2.82 

2.96 

3.11 

3.30 

3.50 

3.70 

3.90 

4.13 

4.40 

4.70 

Incremental 
Boiler Input 
(A I) 10* Btu 
per Hour 

(4) 

9.98 

10.05 

10.08 

10.20 

10.27 

10.37 

10.50 

10.63 

10.86 

11.17 

11.59 

12.16 

12.81 

13.69 

15.03 

Boiler Input 
0) 

10* Btu 
per Hour 

(3) 

119.33 

129.31 

139.36 

149.44 

159.64 

169.91 

180.28 

190.78 

201.41 

212.27 

223.44 

235.03 

247.19 

260.00 

273.69 

288.72 

Boiler 
Efficiency * 
(E*) 

Per Cent 

(2) 

83.80 

85.07 

86.11 

86.99 

87.70 

88.28 

88.75 

89.11 

89.37 

89.51 

89.51 

89.35 

89.00 

88.46 

87.69 

86.59 

Gross Boiler 
Output * (B g ) 
10* Btu 
per Hour 

(1) 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

210 

220 

230 

240 

250 


* At standard temperature (7a). 
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The incremental rate curve plotted from columns 8 and 9 of Table 
VII is shown in Fig. 23. It is to be noted that the incremental rate 
values at the minimum and maximum boiler outputs are obtained by ex- 
trapolating the curve beyond the plotted values. 

The curves of Fig. 23 represent the final data which are to be used for 
load-division purposes. When similar curves are established for all 
groups of boilers in the station, it then becomes a relatively simple matter 
to establish an overall incremental rate curve for any combination of 
boilers desired. It is to be noted that the relation between actual steam 
flow and adjusted boiler output B a is shown in two ways. Either may be 
used to facilitate the preparation of loading schedules indicating boiler 
output as a function of steam flow. 

Incremental Rate Curve for a Group of Boilers 

For a group of similar boilers having identical performance character- 
istics, the incremental rate curve for any number of boilers is derived 

Number of boilers 

2.0 

1.8 
<D 
<0 

75 1.6 

c 
a> 

1 1.4 

u 
_c 

1.2 
1.0 

Boiler output- 10 6 Btu per hour 

Fig. 24. Incremental rate curves for groups of similar boilers. 

from the incremental rate curve for a single boiler by plotting the values 
of its incremental rate against the products of the corresponding output 
values and the number of boilers in the group. This is illustrated in Fig. 
24. Thus, at an incremental rate of 1.5, the output of one boiler is at B , 
for 2 boilers at C, for 3 boilers at D, etc., so that AB = BC = CD = DE 
= EF. By repeating the process for other incremental rate values, 
enough points are established to permit drawing the curves for the 
respective groups of boilers. The same results can be established in tab- 
ular form, as illustrated by Table VIII. The values in the first two 
columns of this table are obtained from the incremental rate curve for 
an individual boiler. The output for any number of. similar boilers is 
obtained by multiplying the output of one boiler by the number of 
boilers in the group. When the outputs for the respective number of 
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boilers are plotted against the incremental rates, a series of curves is 
obtained as shown in Fig. 24. 

When the boiler installation consists of two or more groups of boilers 
having dissimilar characteristics, there are two problems to be met. The 

TABLE VIII 

Calculation of Incremental Rate Curves for Groups of Similar Boilers 


Output, 10 8 Btu per Hour 


Incre- 

mental 

Rate 


Number of Boilers 

in Group 



1 

2 

3 

4 

5 

1.1 

60 

120 

180 

240 

300 

1.2 

120 

240 

360 

480 

600 

1.3 

165 

330 

495 

660 ' 

825 

1.4 

200 

400 

600 

800 

1,000 

1.6 

230 

460 

690 

920 

1,150 

1.6 

252 

504 

756 

1,008 

1,260 J 

1.7 

270 

540 

810 

1,080 

1,350 

1.8 

284 

568 

852 

1,136 

1,420 

1.9 

294 

588 

882 

1,176 

1,470 

2.0 

300 

600 

900 

1,200 

1,500 


first relates to the division of load between the respective groups of 
boilers. When this load division has been determined, then the load 
assigned to each group is divided equally among the steaming boilers in 
the respective groups. The second problem is to establish the incremen- 


tal rate curve for any combination of 
boilers in service, since this curve will 
be required to establish the overall 
incremental heat rate curve for the 
station. 

The solution of both problems is 
primarily a function of load division 
among single boilers that are typical 
for each group. To illustrate, con- 
sider an installation consisting of 
twenty boilers arranged in five rows 
with four boilers in each row. With 
respect to performance characteris- 
tics, the boilers are divided into three 



Fig. 25. Incremental rate curves for 
single dissimilar boilers. 


groups, four in the first group and eight in each of the second and third 


groups. The incremental rate curves for one boiler in each group are 


shown in Fig. 25. 
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TABLE IX 

Calculation of Incremental Rate Curve for Groups of Dissimilar Boilers 


Incre- 

mental 

Rate 

Output, 10 6 Btu per Hour 

Total 

15 Boilers 

Per Boiler 

Per Group 

A 

B 

a 

A 

3 Boilers 

B 

6 Boilers 

C 

6 Boilers 


a) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

1.140 

70 

100 

160 

210 

600 

960 

1,770 

1.150 

70 

110 

160 

210 

660 

960 

1,830 

1.160 

70 

120 

160 

210 

720 

960 

1,890 

1.170 

75 

132 

160 

225 

792 

960 

1,977 

1.175 

90 

140 

160 

270 

840 

960 

2,070 

1.200 

110 

160 

192 

330 

960 

1,152 

2,442 

1.250 

132 

196 

252 

396 

1,176 

1,512 

3,084 

1.300 

146 

222 

300 

438 

1,332 

1,800 

3,570 

1.350 

158 

243 

340 

474 

1,458 

2,040 

3,972 

1.400 

168 

260 

370 

504 

1,560 

2,220 

4,284 

1.460 

178 

274 

396 

534 

1,644 

2,376 

4,554 

1.500 

186 

286 

418 

558 

1,716 

2,508 

4,782 

1.600 

202 

305 

453 

606 

1,830 

2,718 

5,154 

1.700 

217 

322 

480 

651 

1,932 

2,880 

5,463 

1.800 

231 

336 

498 

693 

2,016 

2,988 

5,697 

1.880 

243 

346 

510 

729 

2,076 

3,060 

5,865 

1.900 

246 

348 

510 

738 

2,088 

3,060 

5,886 

1.940 

252 

353 

510 

756 

2,118 

3,060 

5,934 

1.965 

254 

355 

510 

762 

2,130 

3,060 

5,952 


The load division among single boilers, one for each group, and for a 
combination consisting of three boilers in one group and six boilers in 
each of the remaining groups, is shown in Table IX. Referring to this 



Fig. 26. Incremental rate curve for a combination of 16 boilers of Fig. 25. 

table, columns 1, 2, and 3 indicate the outputs for one boiler in each 
group. Columns 4, 5, and 6 are the respective group loadings for the 
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same incremental rate values. Column 7 is the total output for all 
boilers. By plotting the incremental rates against the values of column 
7, the overall boiler-room incremental rate curve is obtained for the par- 
ticular combination of boilers as shown in Fig. 20. 

In Fig. 27 is shown a series of boiler incremental rate curves for vari- 
ous combinations of boilers which are likely to be in service in the station. 
By having these curves available, it becomes a relatively simple matter 
to combine them with similar curves for the turbine room to derive the 
station incremental heat rate curve for any combination of turbine- 
generators and boilers in service. This phase of the subject will be 
treated in Chapter IV. 

By establishing the curves of Figs. 25 and 27, the load division in the 
boiler room for any combination of boilers in service is possible. This 
is illustrated by the following example. 

Example. Determine the load division in the boiler room for an output of 
5,900 X 10 6 Btu per hour for the following combination of boilers: 

3 boilers in Group A 

7 boilers in Group B 

8 boilers in Group C 

From Fig. 27, at an output of 5,900 X 10 6 Btu per hour, the incremental 
rate is 1.50. 

From Fig. 25, at an incremental rate of 1.50, the outputs should be 


Group 

Output — 10 6 Btu per Hour 
Per Boiler Per Group 

A 

186 

558 

B 

286 

2,002 

C 

417.5 

3,340 


Total 

5,900 


Effect of Efficiency Curve Characteristic on Banking Procedure 

Consideration of the load-division problems in the boiler room has so 
far been limited to the condition when all the boilers in service are operat- 
ing under load. It is very probable that there will be periods during 
which it will be necessary, because of reduced loads on the station, to 
bank some of the boilers. During such periods the boiler-room operator 
is primarily interested in establishing a boiler banking sequence so that 
the highest level of overall boiler-room efficiency may be maintained. To 
attain this objective it is necessary to consider the nature of the individ- 
ual boiler efficiency curves. 
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Analysis of boiler efficiency curves indicates that they may be classi- 
fied with reference to the steaming rate at which the maximum efficiency 
occurs. In the first class, which will be referred to as type A, the maxi- 
mum boiler efficiency occurs at the established minimum steaming rate. 




Fig. 28. Performance curves of type A and type B boilers. 

In the second class, referred to as type B, the maximum boiler 
efficiency occurs at some steaming rate greater than the established 
minimum . 

When all the boilers are identical and have the characteristics of type 
A, as many boilers should be kept steaming at all station loads as can be 
operated at or above the minimum rate. The total loads, therefore, at 
which boilers of this type should be banked are multiples of the minimum 
steaming rate of a single boiler. 
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The proper loads at which to bank type B boilers should be deter- 
mined by the points of intersection of the overall efficiency curves for 
successive combinations of steaming and banked boilers. 



Using the performance curves of Fig. 28, as representative of these 
types, the overall performance curves for the range of load requiring the 
banking of boilers are shown in Fig. 29 for the type A boilers, and in Fig. 
30 for the type B boilers. The solid lines represent the overall perform- 
ance when the banking sequence is in accordance with the procedure 
stated above. It will be noted that, for the type A boilers, both the in- 
put-output and efficiency curves are discontinuous at the points at 
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which boilers are banked, this being due to the change in banking loss. 
For the type B boilers, the input-output and efficiency curves are con- 
tinuous, because, as a boiler is banked, the increase in the banking loss is 



offset by the decreased input to the steaming boilers resulting from their 
operation at a higher efficiency. 

When groups of boilers operated in parallel differ in size and perform- 
ance characteristics, it will be necessary to determine not only when to 
bank boilers but also which ones to bank to give the maximum efficiency. 
Often there is some operating reason for banking certain boilers in prefer- 
ence to others; if not, the various combinations should be computed to 
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determine which give the best results. The factors that determine which 
type of boiler to bank are the relative banking losses, the relative magni- 
tudes and shapes of the efficiency curves, and the number of boilers of 
each type. It may be stated that, if the size, maximum efficiency, mini- 
mum steaming rate, and the banked loss of each type of boiler are sub- 
stantially the same, it will usually be more efficient to bank the type B 
rather than the type A boilers. 



Fig. 31. Banking sequence for a combination of type A and type B boilers. 

In Fig. 31 are shown two series of efficiency curves obtained in the 
banked-boiler region for eight boilers, four of which are of type A and four 
of type B. The effect of banking all the type B boilers before any of the 
type A boilers is shown by the solid curve ; the effect of banking all the 
type A boilers first is shown by the dotted curve. The difference in per- 
formance shows that, if the banking period is of considerable duration, 
the use of the correct sequence of banking is important. 

Incremental Rate Curve for Banked Region 

The proper sequence for banking boilers having been established, the 
next step is to derive the incremental rate curve for the range of load 
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which requires the banking of boilers. If, in a group of similar boilers, 
some are steaming and some are banked, then the actual incremental 
rate of the group is equal to the incremental rate of an individual steam- 
ing boiler; since the input to the banked boilers is a constant, it has no 
effect upon the actual incremental rate of the group. As the combined 
output of the group increases, a point is reached at which it is more eco- 
nomical to start steaming one of the banked boilers. At this point the 
incremental rate for the group decreases, and in many cases the input 
also decreases, especially when the boiler taken off bank is of, type A. 
Adding another boiler allows a reduction in the individual outputs of the 
steaming boilers and hence a reduction in the incremental rate; if there is 
a decrease in total input it is because the reduction in input to the group 
of steaming boilers is greater than the increase in input to the boiler 
brought up from bank. 

The decrease in the incremental rate values at the points of discon- 
tinuity will be reflected in the incremental rate curve for the station, so 
that, for the correct division of load between stations, the procedure out- 
lined in Chapter I will be required. It frequently happens, however, that 
the range of load, in which the banked and steaming boiler combinations 
change, exists for only a relatively short period of time during which the 
load change's rapidly and the problem of load division is not of primary 
importance. For this transitory period the use of an average incremental 
rate value simplifies the calculations and in general is satisfactory. 

The manner of establishing the average incremental rate value for the 
range of output requiring the banking of boilers depends upon the char- 
acteristics of the boiler efficiency curve. For the type A boilers the aver- 
age should never be established from the actual incremental rate curve. 
This follows from the fact that an average faired through the actual in- 
cremental rate curve does not take into account the change in' input 
corresponding to the point of discontinuity on the incremental rate curve. 
Hence the correct procedure requires that an average, generally a 
straight line, be faired through the input-output curve, resulting in an 
average incremental rate having a constant value. 

For the type B boilers, as there are no points of discontinuity on the 
input-output curve, the average incremental rate may be established as 
the slope of the straight line faired through the input-output curve or a 
straight line faired through the actual incremental rate curve. 

A comparison between the actual and average performance curves for 
the two types of boilers is shown in Figs. 29 and 30. When both types of 
boilers are involved the better practice would be to establish the average 
incremental rate as the slope of the straight line faired through the input- 
output curve. 
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Adjustment for Fuel Price Differentials 

If the price of the fuel burned is the same for all boilers, operation of 
the boiler room to give the minimum heat input, or maximum overall 
efficiency, also makes the fuel cost for the station a minimum. Under 
such conditions it is sufficient to express the values of input and output 
in Btu per hour. 

If the price of the fuels used by different groups of boilers is not the 
same, then the load division which gives a minimum heat input does not 
result in a minimum station fuel cost, and adjustment of the respective 
incremental rate curves is necessary. Two methods by which this can 
be done are: 

1. The incremental rate curves for the individual boilers can be con- 
verted to incremental fuel cost curves directly, by multiplying the incre- 
mental rate values by the fuel prices. For example, if, at some given 
boiler output, the incremental rate is 1.2 and the fuel burned costs 20 
cents per million Btu, then the incremental fuel cost at this output would 
be 1.2 X 20 = 24 cents per million Btu. 

2. In practice it is simpler to adjust the incremental rate curves for 
differences in fuel prices than to convert the incremental rate curves. 
The adjustment is made by multiplying the incremental rate values by 
the ratio of the fuel price to some standard price. If the price of fuel 
used in one particular boiler is made the standard or base price, then the 
curves of all other boilers are adjusted to this base fuel price. 

Consider three boilers which burn different grades of coal having the 
following prices: 

Boiler ABC 

Cost of coal per short ton $3.60 $4.25 $4.75 

Btu per pound of coal 13,000 14,000 14,200 

Cost of coal per million Btu, cents 13.85 15.18 16.73 

The price of the coal burned by boiler A will be selected as the base 

coal price. Therefore, the adjustment can be made by multiplying the 
incremental rate values of boiler B by 15.18 + 13.85 = 1.096 and those 
of boiler C by 16.73 ^ 13.85 = 1.208. 

Calculation of Overall Boiler-Room Efficiency Curve 

There are occasions when it is desirable to have available the overall 
efficiency curves for the boiler room for various combinations of boilers. 
They can be made by using the incremental rate curve for the particular 
combination of boilers and the overall efficiency for the group at some 
particular value of output. 
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It will first be assumed that all the boilers burn the same grade of fuel 
so that no price differential exists. In Fig. 32 are shown the performance 
curves for the individual boilers and for the group. The first step is the 
calculation of the overall boiler efficiency at some given output, say the 
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Boiler output- 10 6 Btu per hour 



Actual performance 



Fig. 32. Adjustment of boiler performance curves for fuel price differentials. 


minimum steaming rate for all the boilers as a group, which is illustrated 
by the following tabulation : 


Group 

A 

B 

C 

Total 

Number of boilers 

3 

6 

6 

15 

Output per boiler, 10 6 Btu per hour 

70 

100 

160 


Total output, 10 6 Btu per hour 

210 

600 

960 

1770 

Efficiency, per cent 

87.5 

87.5 

89.6 


Total input, 10 6 Btu per hour 

240 

683 

1071 

1994 


The overall efficiency when all boilers are at the minimum steaming 
rate becomes (1,770 -f 1,994) X 100 = 88.8 per cent. 

Table X illustrates the next step in the procedure. In column 1 are 
tabulated the total outputs, the values being selected so that (except for 
the first) a constant difference is obtained, as shown in column 2. The 
average incremental rates of column 3 are obtained from the overall 
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TABLE X 


Calculation of Efficiency Curve for a Group of Boilers 


Total 

Incremental 

Average 

Incremental 

Total 


Output 

Output 

Incremental 

Input 

Input 

Overall 

10 6 Btu 

(AO) 

Rate 

(A/) 

10 6 Btu 

Efficiency 

per Hour 

10 6 Btu 

(-) 

\ao/ 

10 6 Btu 

per Hour 

Per Cent 

per Hour 

per Hour 


(i) 

(2) 

(3) 

(4) 

(5) 

(6) 

(1,770) 

230 ^ 

1.158 

266 

(1,994) 

(88 8) 

2,000 

200 

1.177 

235 

2,260 

88.5 

2,200 

200 

1.190 

238 

2,495 

88.2 

2,400 

200 

1.205 

241 

2,733 

87.8 

2,600 

200 

1.220 

244 

2,974 

87.4 

2.800 

200 

1.235 

247 

3,218 

87.0 

3,000 

200 

1.252 

250 

3,465 

86.6 

3,200 

200 

1.270 

254 

3,715 

86.1 

3,400 

200 

1.292 

258 

3,969 

85.7 

3,600 

200 

1.315 

263 

4,227 

85.2 

3,800 

200 

1.340 

268 

4,490 

84.6 

4,000 

200 

1.370 

274 

4,758 

84.1 

4,200 

200 

1.403 

281 

5,032 

83.5 

4,400 

200 

1.440 

288 

5,313 

82.8 

4,600 

200 

1.480 

296 

5.601 

82.1 

4,800 

200 

1.527 

305 

5.897 

81.4 

5,000 

200 

1.583 

317 

6,202 

80.6 

5,200 

200 

1.645 

329 

6,519 

79.8 

5,400 

200 

1.715 

343 

6,848 

78.9 

5,600 

200 

1.795 

359 

7,191 

77.9 

5,800 




7,550 

76.8 
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incremental rate curve of Fig. 32. For example, the incremental rate of 
1.19 is the average value for the increment of output between 2,200 and 
2,400 and is read directly from the curve at an output of 2,300, which is 
the average output for the interval. This is permissible when the inter- 
vals of output are made small enough so that the curve may be consid- 
ered to be a straight-line function between the successive outputs. 
Column 4 is obtained as the product of the corresponding values of 
columns 2 and 3. The total inputs are shown in column 5. Commencing 
with the known input, shown in parentheses, the values of column 4 are 
cumulatively added for increasing outputs. The overall efficiencies are 
then obtained by dividing the values of column 1 by those of column 5 
and plotted against the values or total output as shown in Fig. 32 by the 
solid curve. 

It has been shown that a boiler incremental rate curve can be ad- 
justed to a base fuel price by multiplying the actual incremental rate 
values by the ratio of the actual price to the base price. The efficiency 
curve corresponding to the incremental rate curve adjusted to the base 
fuel price can be obtained by dividing the actual efficiency values by the 
same ratio. The adjusted efficiency does not define the actual thermal 
performance of the boiler, but its use in conjunction with the base fuel 
price will permit the calculation of the actual fuel costs at any output. 
The following illustration demonstrates this: 


Boiler output 

Actual efficiency 

Actual fuel price 

Base fuel price 

Adjustment factor (20 -*• 1G) 

Efficiency adjusted to base fuel price (80 -r 1.25) 


100 X 10 6 Btu per hour 
80 per cent 
$0.20 per 10 6 Btu 
$0.16 per 10 6 Btu 
1.25 

64 per cent 


Using actual values, the fuel cost at the given output becomes 


100 

0.80 


X $0.20 = $25 per hour 


Using adjusted values, the same fuel cost is obtained from 

— - X $0.16 = $25 per hour 
0.64 

To obtain the actual fuel costs for a boiler plant in which fuel at dif- 
ferent prices is used it is expedient to establish the overall boiler-room 
efficiency adjusted to a base fuel price. This can be done by first adjust- 
ing the incremental and efficiency curves of the individual boilers to the 
base fuel price. The incremental rate curve for any combination of 
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Average price of fuel burned. 
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boilers can then be derived from the adjusted incremental rate curves of 
the individual boilers in the manner illustrated in Table VIII or Table 
IX. The adjusted efficiency curve for the particular combination of 
boilers can be established in the manner illustrated in Table X by using 
the adjusted values instead of actual values. 

Figure 32 illustrates the actual and adjusted performance curves for 
three groups of boilers based on the following fuel prices: 

Group ABC 

Price of fuel burned, cents per 10 6 Btu 16.0 18.0 20.0 

Correction factor 1.000 1.125 1.250 

A comparison of the operating results with and without adjustment 
for fuel price differentials is illustrated in Table XI for the group of boil- 
ers represented by the curves of Fig. 32, for an output of 3,675 million 
Btu per hour. Referring to Table XI it will be noted that loading the 
boilers on the basis of their respective incremental rates adjusted for 
fuel price differentials reduces the overall thermal efficiency of the boiler 
room from 84.87 to 84.19 per cent. There is, however, a reduction in the 
cost of fuel burned to deliver the given boiler-room load. Since the fuel 
cost and not the thermal efficiency is the true measure of efficient opera- 
tion, it follows that the adjusted incremental rate curves constitute the 
proper basis for loading the boilers. 

The hourly fuel costs for any given boiler-room output can be de- 
rived from the adjusted overall efficiency curve without resorting to the 
calculations indicated in Table XI. For example, at the output of 3,675 
million Btu per hour, the adjusted efficiency, read from the curve of Fig. 
32, is 72.9 per cent. This is the efficiency adjusted to a fuel price of 16 
cents per million Btu. Hence the hourly fuel cost becomes 

X $0.16 = $806.59 per hour 

0. 729 

This compares with the fuel cost of $806.62 per hour indicated in Table 
XI, the difference being well within the accuracy with which values can 
be read from the curves of Fig. 32. 
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LOAD DIVISION IN THE TURBINE ROOM 
Introduction 

The problem of load division in the turbine room is more complex 
than that in the boiler room. There is ordinarily a much wider choice as 
to the number of units to be operated and the sequence of adding units 
as the load increases. Whereas the number of boilers in service is com- 
monly determined by the number out for repairs or overhauling, turbines 
are on the line part of the day or all day as the station load demands. 
In the boiler room the problem is how much load each type of boiler shall 
carry. In the turbine room it is how many units shall be put in service; 
then which units shall be used; and, finally, how the load shall be divided 
among them. 

The variation in types of turbine units installed in a given station is 
often greater than the variation of the boilers in the same station. Each 
unit may be different in size and type. There may be impulse and reac- 
tion turbines; straight condensing and extraction at one or several stages; 
constant and variable feedwater temperature; single-cylinder, tandem- 
compound, and cross-compound. 

The heat balance may be further complicated by the kind of auxil- 
iaries. If they are electrically driven, there may be three sources of sup- 
ply: house turbine-generators; house generators on the same shafts as 
the main turbine-generators; or house transformers. A station may use 
all three sources of supply. 

If the auxiliaries are steam driven, part or all of the exhaust steam 
may be utilized to heat the feedwater. This is done in many older sta- 
tions where the main units are operated straight condensing. In some 
modern plants exhaust and extraction steam are used for feed heating. 
Since the exhaust steam is at approximately atmospheric pressure, it will 
usually enter the cycle between steam extracted at lower and higher 
pressures; this makes the turbine-generator performance dependent upon 
the amount of exhaust steam used for feed heating. 

The Heat Rate Curve 

The turbine-generator heat rate curve defines the performance char- 
acteristic of the unit and it is the basic curve from which the incremental 
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rates are derived for load-division purposes. The heat rate of a unit 
serves as a means of indicating its thermal efficiency, since 

rru , ^ • . x 3412.75 

thermal efficiency m per cent = X 100 

Heat rate 

If the problem of load division in the turbine room is to be solved sat- 
isfactorily, it is essential that the heat rate curves for the respective units 
be accurately established for the conditions under which each unit actu- 
ally operates. Data determined by tests under actual operating condi- 
tions are the most reliable and should be obtained whenever possible. 
Guarantee data should not be used unless unavoidable since frequently 
the actual performance is considerably different. 

Tests on extraction-type units should be made under normal extrac- 
tion conditions. If test facilities do not permit this, an approximation of 
feed-heating performance can be calculated from a careful non-extraction 
test. A practical method for computing extraction cycles is outlined in 
the paper “Economy Characteristics of Stage Feedwater Heating by 
Extraction” by Messrs. E. H. Brown and M. K. Drewry, published in 
Vol. 45 of the A.S.M.E. Transactions for 1923. Application of the pro- 
cedure discussed in this paper has been found to be satisfactory, and, if 
readings in the field of the various pressures and temperatures can be ob- 
tained while the unit is operating under its normal feed-heating cycle, a 
computed performance within 2 per cent of test results is possible. 

Turbine Exhaust Pressure 

The efficiency of a turbine-generator, as reflected by its heat rate, 
is influenced by the pressure and temperature at the throttle and by the 
pressure at the turbine exhaust. In general, the steam pressure at the 
turbine throttle is maintained so nearly constant that it may be neglected 
as a variable influence on the performance of the turbine. The tempera- 
ture of the steam changes, however, depending on the number of boilers 
in service and the loads at which they are operating. The variation of 
steam temperature may be disregarded as a factor by correcting the per- 
formance of the turbine-generator to the standard temperature to which 
the boiler efficiency curves are adjusted, as described in Chapter II. 

This leaves for consideration the influence of the turbine exhaust 
pressure on the performance of the unit. The pressure which can be 
maintained at the turbine exhaust is influenced by the following: 

1. The load on the generator. 

2. The quantity of steam exhausted to the condenser. 

3. The cleanliness of the condenser tubes. 

4. The amount of air leakage into the condenser. 
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5. The quantity of circulating water. 

6. The inlet temperature of the circulating water. 

These can be directly or indirectly controlled, with the exception of 
the inlet circulating water temperature, which generally varies with the 



Fig. 33. Seasonal variation of inlet circulating water temperature. 


seasons of the year, as shown in Fig. 33 for a station in the middle Atlan- 
tic states. The relation between the turbine-generator heat rates and the 
inlet circulating water temperatures should be established so that the 
effect of the seasonal variation of the water temperature on the perform- 
ance of the unit may be accounted for. The procedure for this is illus- 
trated by Figs. 34 to 37 inclusive. 



Fig. 34. Turbine-generator heat rate curves at constant exhaust pressures. 

Heat rate curves for each turbine-generator unit should be estab- 
lished for several values of exhaust pressure. A typical set of such curves 
is shown in Fig. 34 for a unit having four steam admission valves. The 
load which can be generated with any group of admission valves fully 
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open is represented by the lines of constant steam flow. It is to be noted 
that, with constant steam flow, a change in exhaust pressure changes not 



Fig. 35. Turbine exhaust pressures at constant inlet circulating water temperatures. 

only the heat rate of the unit but also the load that can be generated. 
This is an important point to keep in mind, for, as will subsequently be 
shown, the calculation of turbine-generator incremental heat rates can be 
greatly simplified by considering the performance of the unit at only 
those loads at which the steam admission valves are fully open. 



Fig. 36. Turbine-generator heat rate curves at constant inlet circulating water 

temperatures. 

The exhaust pressure of a turbine generally varies with the load on 
the unit, and it is necessary to establish this relation for several values of 
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inlet circulating water temperature, as illustrated in Fig. 35 for the unit 
in question. Data for these curves are generally obtained from the oper- 
ating log sheets; if no records are maintained, readings in the field will be 
required. In plotting the exhaust pressures against the generator loads 
for the given circulating water inlet temperature, it will be generally 
found that the plotted points will lie within a band representing upper 
and lower limits. This may be due to errors in reading the instruments, 
variation in condenser-tube cleanliness, air leakage, and quantity of 



Fig. 37. Corrections to turbine-generator heat rate for variation of turbine exhaust 

pressure. 


circulating water. To establish the curve as representative of average 
conditions it should be drawn so that it will lie approximately midway 
between the upper and lower limits of the band. 

From the curves of Figs. 34 and 35 it is a simple matter to establish 
the curves of Fig. 36, which are in a form suitable for establishing the 
turbine-generator incremental rates as functions of the inlet temperature 
of the condenser circulating water. 

Although data for applying corrections to the turbine-generator heat 
rates for variation of exhaust pressure are usually supplied by the manu- 
facturer, they should preferably be verified by tests. One of several 
acceptable ways of showing them is illustrated by the curves of Fig. 37. 

Adjustment for Steam-Driven Auxiliaries 

When sufficient and reasonably accurate data on individual auxiliary 
requirements are available, no involved procedure is required to adjust 
the individual turbine-generator input-output curves to include the 
auxiliary heat inputs. For each turbine, the input for any given load is 



ADJUSTMENT FOR STEAM-DRIVEN AUXILIARIES 


73 


increased by the corresponding amount of the auxiliary heat consump- 
tion to give the total requirement from the boilers, as illustrated in Fig. 
38. This can be done, however, only if the heat consumption of the 
auxiliaries can be segregated for the individual boilers and turbines, and 



Fig. 38. Adjustment of turbine-generator input-output curve for steam auxiliary 

consumption. 

if the exhaust steam is utilized after the turbine cycle is complete. A 
typical heat balance cycle which satisfies these conditions is illustrated in 
Fig. 39. 

In Fig. 40, however, is shown a heat-balance diagram in which the 
exhaust steam from a station header enters the turbine cycle before a 
heater in which extracted steam is used. For a cycle of this kind, the 
heat consumption of the turbine from which extraction is made is af- 
fected by the amount and quality of the exhaust steam, since these con- 
trol the temperature of the feedwater entering the extraction heater and 
thereby determine the amount of extracted steam. Hence, resort would 
have to be made to cut-and-try methods if it were desired to compensate 
for the variations in heat demand of the auxiliaries of various units. The 
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performance of any turbine would be affected by the number and loading 
of other turbines, and by the number and loading of the boilers in service. 

An approximate solution could be made by establishing for each tur- 
bine two curves, both plotted against the turbine-generator load. One 


Turbine-generator Boilers 



Fig. 39. Heat balance which permits segregation of boiler and turbine auxiliary 

steam consumption. 


would show the heat available for feedwater heating in the exhaust steam 
of the turbine-generator auxiliaries. The other, showing the heat avail- 
able in the exhaust of the boiler auxiliaries, would be an approximate 
one, empirically determined by dividing the heat consumption of the 
boiler auxiliaries among the individual turbine-generators, so that, for 
the normal sequence of operation, the sum of the quantities so assigned 
would equal the total heat consumption of the boiler auxiliaries through 
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Steam 

Auxiliary exhaust or bleed steam 

Water 

Fig. 40. llcat balance which does not permit segregation of boiler and turbine 
auxiliary steam consumption. 

all ranges of station load. The two curves would be used to determine 
the input-output curve for each turbine. Once these were derived, the 
equivalent input-output curves of boilers and turbines would be com- 
puted in the manner already described. 
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Adjustment for Electrically Driven Auxiliaries 

Adjustment of the turbine-generator heat rate curve for the power 
consumption of electrically driven auxiliaries depends upon the source of 
supply to the auxiliaries. One source of supply is through house trans- 
formers. The effect of supplying station auxiliaries from this source is to 
reduce the energy available for supplying the system load. For each 
turbine, therefore, the adjustment is made by subtracting, from the gen- 
erator output, the corresponding amount of auxiliary power consump- 
tion. Dividing the turbine input, which 
remains constant, by the reduced or net 
output of the generator gives the net heat 
rate for the unit. The turbine net incre- 
mental heat rates should be plotted against 
the generator load for use in dividing load 
among the turbines, the procedure being 
similar to that described for adjusting the 
boiler efficiency curve for auxiliary power 
consumption. 

When station auxiliary power is ob- 
tained from house generators on the shafts 
of the main turbines, it may be difficult to 
establish an exact relation between the 
outputs of the house and main generators. 

Since the output of the house generator is 
small compared to that of the main generator, the error in assuming its 
efficiency to be equal to that of the main generator is negligible. Thus 
it may be assumed that the heat input to the turbine is a function of 
the total load on the two generators and is independent of the division 
of load between them. 

The net turbine-generator load, which is the combined load less the 
electric power consumption of the turbine auxiliaries, should be used in 
finding the turbine incremental rate. Since the actual assignment of 
load to a unit is usually made in terms of load on the main generator, the 
division of load between the main and shaft generators must be esti- 
mated. This can be done by assuming average conditions in the boiler 
room and allocating to each unit a share of the boiler-room electric auxil- 
iary power, which, added to the turbine-generator auxiliary power, gives 
the shaft generator load. Referring to Fig. 41, curves A, B, and C repre- 
sent the input to the turbine plotted, respectively, against the combined 
load, the turbine-generator net load, and the main generator load. For 
purposes of load division in the turbine room, the incremental rates of 
curve B should be plotted against the corresponding load values of curve 



Fig. 41. Adjustment of tur- 
bine-generator input-output 
curve for auxiliary power con- 
sumption and load on shaft 
generator. 
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C. Thus the incremental rate at point 2 will be plotted against the load 
at point 3. The resulting curve would then show the turbine-generator 
net incremental rate plotted against the main generator load, and it 
should be used in conjunction with the incremental rate curves of other 
turbine-generators to determine the turbine loading. 

The heat input to house turbine-generators which supply electrically 
driven auxiliaries should be treated in the same manner as steam-driven 
auxiliaries. The input to the house unit should be divided among the 
boilers and turbines in proportion to the power consumption of their 
respective auxiliaries, and the adjustment should be made as described 
for steam-driven auxiliaries. 

Adjustment for Feedwater Temperature 

Variation in the temperature of the feedwater supplied to the boilers 
is generally due to a turbine heat-balance cycle which employs extraction 
steam for feedwater heating. A variable feedwater temperature may af- 
fect the efficiency of the turbine-generator only, or the efficiency of both 
the boiler and turbine-generator, depending upon whether or not the 
boilers are equipped with economizers. 

In a station having no economizers on the boilers, the change in 
superheat with change in feedwater temperature is the only considera- 
tion. Some knowledge of the relationship existing between the feedwater 
temperature and superheat for the particular boilers is necessary. If the 
boiler performance curves have been adjusted to a standard steam tem- 
perature T s and a standard feedwater temperature t 8 in the manner de- 
scribed in the preceding chapter, and the turbine-generator performance 
curves have been established for the same standard steam temperature 
T a and for the actual feedwater temperature t a , then the turbine-genera- 
tor performance need be corrected only for the effect of its feedwater tem- 
perature characteristic on the superheat of the steam generated in the 
boilers, and hence on its own economy. The method of making this ad- 
justment is illustrated in Table XII, and the effect of the adjustment is 
shown in Fig. 42 for a 50,000-kw unit with two stages of feed heating. 
Referring to the figure, the solid curve represents the heat rate for the 
unit when the throttle steam temperature is at the standard value T t 
and the temperature of the feedwater supplied by the unit is at the actual 
value t a . The dotted curve is the heat rate for the unit adjusted to the 
temperature of the steam T' a which the boilers would supply if receiving 
feedwater at the actual temperature t a . 

The adjustment discussed above is based on the assumption that a 
relatively small change in throttle steam temperature does not materially 
change the temperature of the feedwater supplied by the unit. 
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It is to be observed from the ratios of the adjusted to unadjusted heat 
rates, shown in Table XII as HR f JHR 8} that the maximum change in 
the heat rate of the unit is approximately Yi per cent, which for practical 
purposes may be small enough to justify omitting the correction as an 
unwarranted refinement. 



Fig. 42. Adjustment of turbine-generator performance curves for variat ion of final 

feedwater temperature. 

When the boilers are equipped with economizers, a variable feedwater 
temperature will affect the efficiency of the boiler unit. The amount of 
heat recovered in the economizer changes considerably with change in 
feedwater temperature, so that the boiler efficiency is dependent upon 
this temperature. The effect of change in feedwater temperature on the 
boiler superheat, however, is less when there is an economizer than when 
the feedwater goes directly into the boiler drum. The change in super- 
heat and change in efficiency of the boiler unit per degree Fahrenheit 
change in feedwater temperature into the economizer should be deter- 
mined, preferably by test. When these relations are known, the boiler 
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efficiency curve can be established for the standard steam and feedwater 
temperature, in the manner previously described. 

The turbine-generator heat rate curve is then adjusted in three steps: 

1. The actual turbine-generator heat rate curve is corrected to the 
standard steam temperature and actual feedwater temperature. 

2. The curve from step 1 is corrected for the effect, on the tur bine- 
generator efficiency or heat rate, of the variation of the boiler superheat 
resulting from the difference of the actual turbine-feedwater temperature 
from the standard. 

3. The curve from step 2 is adjusted for the effect, on the boiler 
efficiency , of the variation of the actual turbine feedwater temperature 
from the standard. 

Heat Rate Curve Characteristics 

The performance curves for turbine-generators usually fall within 
one of the three types illustrated in Figs. 43, 44, and 45. In Fig. 43, the 



Load in per cent of rated capacity Load in per cent of rated capacity 


Fig. 43. Turbine-generator performance Fig. 44. Turbine-generator performance" 
curves similar to Type I (Fig. 7). curves similar to Type III (Fig. 7). J. 

heat rate and incremental rate curves are smooth and continuous, so that 
the input-output curve is also a smooth continuous curve. 

The curves of Fig. 44 are typical for multivalved units designed for 
admission of steam to lower stages by by-passing the first few rows of 
blading. The heat rate curve consists of sections of smooth continuous 
curves, the number of sections being equal to the number of steam 
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admission valves, or groups of valves. The corresponding input-output 
curve consists of a series of intersecting straight lines, so that, between 
points of intersection, the incremental heat rates have constant values. 
This results in a discontinuous incremental rate curve with steplike in- 
creases at those loads at which one or more steam admission valves are 
fully open. 1 

The solid curves of Fig. 45 are also typical for a multivalved unit. 
The heat rate curve is continuous with breaks at the valve loads. Over 



Load in per cent of rated capacity 

Fig. 45. Turbine-generator performance curves having peak incremental rate values 

a short load range following each valve point, the heat rate curve has a 
slight hump, which causes the incremental rate to increase suddenly and 
then gradually decrease to a constant value until the next valve point is 
reached. Because of the sharp peaks in the incremental rate curves, it is 
not practicable to use the curve in this form for load division, and in the 
interest of convenience the use of average incremental rates may be 
resorted to without introducing more than a negligible error. The aver- 
age incremental rates between the valve points are obtained by dividing 

1 Ordinarily, there is a slight range of overlap, so that one valve is not quite 
completely open before the succeeding valve begins to pass steam. Here, and 
throughout the text, the term ‘‘fully open valve” or “full valve opening” refers to 
the point at which the next valve begins to open. 
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the differences in successive inputs corresponding to the valve-opening 
loads by the corresponding differences in output. This is shown by the 
dotted curve of Fig. 45, and it is to be noted that the average curve as- 
sumes the form shown in Fig. 44. 

There are two reasons justifying the use of average incremental rates 
for this type of unit. The first involves consideration of the accuracy 



Load in per cent of rated capacity 

Fig. 46. Input-output curve corresponding to curves of Fig. 45. 

with which the input-output curve can be established. Figure 46 shows 
schematically the input-output curve corresponding to the one of Fig. 45. 
The curve is usually drawn through a series of points obtained by test. 
For example, considering the range of load between 43 and 64, which is 
the load supplied by the tertiary valve, tests would be conducted at the 
valve loads of 43 and 64, and perhaps at two or more additional loads 
which are intermediary values, say at 50 and 57. There would, there- 
fore, be four points through which the input-output curves should be 
drawn. Points 3, 4, and 5 would establish the input-output curve as a 
straight line which, if extended, would introduce a discontinuity repre- 
sented by the distance between points 1 and 2. Since the curve is known 
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to be continuous, it becomes necessary to depart from a straight-line 
function and introduce a curvature between points 1 and 3 which causes 
the sharp peaks in the incremental rate curve. 

The exact nature of the curvature is not capable of determination by 
ordinary methods of testing principally because it is very difficult to 
maintain valve openings constant in this range. Furthermore, the 
changes in heat input for small changes in valve setting may be within 
the magnitude of the total accuracy. 

Assuming that the incremental heat rates corresponding to the 
curved portions of the input-output curve are capable of exact deter- 
mination, there still remains the question of practicability. Suppose 
that it is desired to use the actual incremental rates for load division; 
then it will be found that for a given combined load there will be several 
combinations of loads which correspond to the same incremental rate 
value, and considerable computation may be required to determine the 
division of load for maximum combined efficiency. 

To illustrate, consider the problem of load division as applied to two 
similar units with incremental and heat rate curves represented by the 
solid curves of Fig. 45. Suppose that the total load of 110 is to be divided 
between the two units; then the incremental rates for each unit will be 
equal for the following combination of loads: (27, 83), (28.25, 81.75), 
(43, 67), (44.5, 65.5), (46, 64), and for all combinations from (49, 61) to 
(55, 55). 

Yet the minimum combined heat rate will be obtained for only one 
pair of loads, which will occur in this case when one unit is at a load of 46 
and the other at 64. Figure 47 shows the effect of load division on the 
combined heat rate for both units for several loads. Since the two units 
are identical, each curve of Fig. 47 is symmetrical about the load corre- 
sponding to half of the combined load. The circles show, for each total 
load, the combination which gives the minimum combined heat rate. 

Analysis of the curves of Fig. 47 indicates that the best combination 
results when one of the units is operating at the valve load which is most 
nearly one-half of the total load. It is also important to note that, for 
units having performance curves of the type shown in Fig. 45, the overall 
heat rate is not a minimum when the load is equally divided among the 
identical units. In fact, for a total load of 170, dividing the load equally 
gives the highest input of any possible combination. 

There is another approach to the problem of loading machines of this 
type. To illustrate, consider two turbine-generator units having the 
performance characteristics shown in Fig. 48. These are similar but not 
identical. The incremental rates for these units have been plotted to 
show average values for incremental loads of 1 megawatt, which simpli- 
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lies the calculations without affecting the principle involved. An addi- 
tional set of curves, shown in Fig. 49, is required. These curves are 
plotted for each valve to show the incremental rate at which an incre- 
ment of load can be generated by steam admitted through the particular 
valve. The increment of load is measured from the load at which the 
preceding valve is fully open as the datum. For example, the secondary 
valve of each machine is fully open at a load of 90 megawatts. An incre- 
ment of 5 megawatts supplied by the tertiary valve of one machine would 



25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 

Load on one machine in per cent of rated capacity 

Fig. 47. Effect of load division on combined efficiency of two identical turbine- 
generators having performance curves of Fig. 45. 

correspond to a load on that machine of 90 + 5 or 95 megawatts. Curves 
for the primary valves are not shown since the corresponding incremental 
rate values are constant. 

The curves of Fig. 49 permit determination of the proper loading se- 
quence by inspection. Assuming a minimum operating load of 40 mega- 
watts for each machine, the loading sequence for the machines in ques- 
tion would be first to load unit B to its primary valve load of 60 mega- 
watts and then unit A to its primary valve load, since the incremental 
rate for incremental loads on the primary valve of unit B is less than that 
for unit A. With both units operating at primary valve loads, the com- 
bined load is 120 megawatts. An increase in the combined load above 
this value could be supplied by the secondary valves of either or both 
units. By inspection of the secondary valve curves of Fig. 49, it is seen 




Incremental heat rate-Btu per kw-hr _ _ Heat rate Btuperkw-hr 
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Fio. 48. Performance curves for two turbine-generators having peak incremental 

rate values. 
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that an increment of load up to 7.3 megawatts can be more efficiently 
generated on the secondary valve of unit A ) while the reverse is true for 
increments of load greater than 7.3 megawatts. This merely means 



Fig. 49. Average incremental heat rates for steam valve loads derived from curves 

of Fig. 48. 

that, for combined loads between 120 and 127.3 megawatts, unit B 
would be operated at a load of 60 megawatts while unit A would supply 
the remainder. For combined loads greater than 127.3 megawatts, unit 
A should be operated at GO megawatts while unit B supplies the remain- 
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der until its secondary valve is fully open. The transition point corre- 
sponding to the increment of 7.3 megawatts is determined by the inter- 
section of the two curves in question at point 1, which governs the se- 
quence for loading the secondary valves of the units. Similarly, point 
2 governs the sequence for loading the secondary valve of unit A and the 
tertiary valve of unit B. Points 3 and 4 apply to the sequence of loading 
the tertiary and quaternary valves, respectively. 



Combined load-megawatts 

Fig. 50. Comparison between exact and approximate methods of loading the two 

units of Fig. 48. 

The method employing the curves of Fig. 49 will be referred to as the 
“exact” method. The complete loading sequence for the two units in 
question, obtained by the application of this method, is shown in Table 
XIII. There are two practical objections to this method. First, it be- 
comes increasingly cumbersome to apply with increase in the number of 
units. Second, a loading schedule is established requiring the shifting 
of load from one unit to another which is generally considered to be poor 
operating practice. 

A simpler method is available which will give results within accepta- 
ble engineering accuracy. This will be referred to as the “approximate” 
method by which the loading of units is obtained from incremental rates 
established as average values between successive valve loads. Calcula- 
tion of the average incremental rates for the two units is shown in 
Table XIV. 
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Figure 50 shows the variation in the loading of the units and in the 
combined input resulting from the use of the approximate method. 
Variation in the combined input occurs when there is a variation in the 
loading of the units, and this is limited to the range of loads correspond- 
ing to those portions of the turbine-generator input-output curves which 
can be established with the least accuracy. A specific advantage of the 
approximate over the exact method is the elimination of the need to draw 
the incremental rate curves for the individual turbine-generators. This 
follows from the fact that the approximate method will indicate that all 
but one unit should be operated at valve loads. The relative values of 
the average incremental rates will indicate the loading sequence, so that 
the problem of loading any number of units can be readily solved by 
means of a relatively simple tabulation in the manner to be discussed 
later in this chapter. Justification for the use of the approximate method 
is based on the simplicity of its application, especially when a large group 
of units is involved, and on the fact that any resulting loss in operating 
efficiency is more apparent than real. 

Methods of Loading Turbine-Generators 

Although the incremental loading of turbine-generators will always 
result in the maximum overall operating efficiencies, other methods 
of loading have been and still are in use. It is of interest to consider 
some of them. For the purpose of illustration, three turbine- 
generator units whose performance curves are shown in Fig. 51 will 
be used. 

Base Loading to Capacity. The units are successively loaded to ca- 
pacity in the order of their efficiencies. For the three units of Fig. 51 the 
sequence of loading each to capacity is C, B, and A, as shown in Table 
XV. This method of loading is based upon the assumption that the 
overall efficiency for a group of units will be highest if all but the most 
efficient unit are operated at minimum loads until the most efficient 
one is loaded to capacity. This assumption is obviously not correct 
unless the load division resulting from this method is the same as that 
obtained by the incremental loading of the units. 

Base Loading to Most Efficient Load . The units are successively 
loaded, in ascending order of their heat rates, to their most efficient loads. 
When all units are operating at their most efficient loads, they are loaded 
to capacity in the same order. Thus, as shown in Table XVI, the units 
are first loaded to their most efficient loads in the order 0, B, and A y and 
then loaded to capacity in the same order. 

Proportional to Capacity. The loads on the units are in proportion to 
their rated capacity. Referring to Table XVII it will be seen that the 
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loads on units A y B> and C are in the ratio 40 : 60 100, respectively, 
corresponding to the rated capacities of the units. 

Proportional to Most Efficient Load . The loads on the units are kept 
in proportion to their most efficient loads. After the units have reached 



Generator load - megawatts 



Generator load— megawatts 

Fig. 51. Performance curves of three turbine-generator units. 

their most efficient loads, the additional load on each is made propor- 
tional to the difference between the rated capacity and the most efficient 
load. Application of this method is illustrated in Table XVIII. The 
most efficient loads for units A, B, and C are 25, 50, and 75 megawatts, 
respectively. Hence the load on each unit would be in the ratio of 
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Combined heat rate-Btu per kw-hr 
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1 : 2 : 3 up to and including a total load of 150 megawatts. The capacity 
above the most efficient loads are 15, 10, and 25 megawatts, respectively, 
or in the ratio of 3 : 2 : 5, so that, for total loads in excess of 150 mega- 
watts, the load on each unit would be as follows: 

Unit Megawatts 

A 25 +0.3 (L - 150) 

B 50 + 0.2 (L - 150) 

C 75 +0.5 (L - 150) 

where L is the total load. 

Incremental. The load is divided to keep the units operating at equal 
incremental rates. The incremental loading of the units is illustrated in 



Fig. 52. Effect of method of loading on the combined heat rate of the units of 

Fig. 51. 


Table XIX. By inspection of the incremental rate curves of Fig. 51, it is 
obvious that the units should first be loaded to their most efficient loads 
in the order A , B , and C, and then to capacity in the same order. 

Figure 52 shows the combined heat rate curves obtained for the three 
units by the application of the different methods of loading. The incre- 
mental loading results in the lowest overall heat rates, which are not 
equaled by any of the other methods except when the load division is the 
same. Although the two methods based upon proportional loading will 
rarely give the best distribution, they are reasonably satisfactory for 
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quick approximations when detailed performance data are not available. 
The base loading methods show up unfavorably in this illustration. 
Under some circumstances they would come much closer to the results 
obtained with incremental loading. In general, if enough data are availa- 
ble to permit the satisfactory application of these methods, there are 
enough for the application of incremental rates by which the correct 
results can be obtained. 

Incremental Loading Applied 

Ihe application of incremental loading to a group of turbine-genera- 
tors whose heat rate curves are shown in Fig. 53 will now be demon- 



Fig. 53. Heat rate curves for five turbine-generator units used to illustrate appli- 
cation of incremental loading. 

strated. From the curves of Fig. 53 incremental rate values can be 
established for each unit as averages between successive valve loads, 
which are indicated by the break points on the heat rate curves. The 
average incremental heat rates for the units, computed by the method 
indicated in Table XIV, are shown in Table XX. By arranging the tabu- 
lated data in ascending order of average incremental heat rate values, 
the loading sequence for the units is established as shown in Table XXI, 
the key table from which the loading sequence for any combination of 
units can be determined. 

Suppose, for example, that it is desired to establish a loading schedule 
when units A , C, and E only are on the bus. The loading sequence for 
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TABLE XX 

Turbine-Generator Average Incremental Rates 


Unit 

Valve 

Load Range 
Megawatts 

Average 
Incremental 
Heat Hate 
Btu/Kw-hr 


Primary 

20- 52 

10,015 

A 

Secondary 

52- 71 

11,243 


Tertiary 

71- 80 

13,492 


Primary 

30- 44 

10,437 

B 

Secondary 

44- 68 

10,791 


Tertiary 

68- 83 

11,226 


Quaternary 

83-110 

11,807 


Primary 

30- 46 

10,233 

C 

Secondary 

46- 67 

10,622 


Tertiary 

67- 83 

11,381 


Quaternary 

83-110 

11,635 


Primary 

40- 58 

9,281 


Secondary 

58- 80 

10,009 

D 

Tertiary 

80- 99 

10,396 


Quaternary 

99-129 

11,161 


Quinary 

129-160 

11,454 


Primary 

40- 62 

9,445 


Secondary 

62- 84 

10,166 

E 

Tertiary 

84-101 

10,466 


Quaternary 

101-128 

10,985 


Quinary 

128-160 

11,726 


TABLE XXI 

Turbine-Generator Loading Sequence 


Unit 

Valve 

Load Range 
Megawatts 

Average 
Incremental 
Heat Rate 
Btu/Kw-hr 

D 

Primary 

40- 58 

9,281 

E 

Primary 

40- 62 

9,445 

D 

Secondary 

58- 80 

10,009 

A 

Primary 

20 - 52 

10,015 

E 

Secondary 

62 - 84 

10,156 

C 

Primary 

30 - 46 

10,233 

D 

Tertiary 

80 - 99 

10,396 

B 

Primary 

30 - 44 

10,437 

E 

Tertiary 

84-101 

10,466 

C 

Secondary 

46 - 67 

10,622 

B 

Secondary 

44 - 68 

10,791 

E 

Quaternary 

101-128 

10,986 

D 

Quaternary 

99-129 

11,161 

B 

Tertiary 

68 - 83 

11,226 

A 

Secondary 

52 - 71 

11,243 

C 

Tertiary 

67 - 83 

11,381 

D 

Quinary 

129-160 

11,454 

C 

Quaternary 

83-110 

11,635 

E 

Quinary 

128-160 

11,726 

B 

Quaternary 

83-110 

11,807 

A 

Tertiary 

71 - 80 

13,492 
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these units is obtained from the sequence shown in Table XXI with units 
B and D omitted, resulting in the loading schedule shown in Table XXII. 
Referring to this table, the loads for the individual units are tabulated 
first. The total load is then obtained by addition of the individual unit 
loads. 

TABLE XXII 


Loading Schedule for Three Units 


Load, Megawatts 

Average 

Incremental 





Heat Rate 

Total 

Unit A 

UnitC 

Unit E 

Btu/Kw-hr 

90-112 

20 

30 

40- 62 

9,445 

112-144 

20-52 

30 

62 

10,015 

144-166 

52 

30 

62- 84 

10,156 

166-182 

52 

30- 46 

84 

10,233 

182-199 

52 

46 

84-101 

10,466 

199-220 

52 

46- 67 

101 

10,622 

220-247 

52 

67 

101-128 

10,985 

247-266 

52-71 

67 

128 

11,243 

266-282 

71 

67- 83 

128 

11,381 

282-309 

71 

83-110 

128 

11,635 

309-341 

71 

110 

128-160 

11,726 

341-350 

71-80 

110 

160 

13,492 


With the loading sequence established on the basis of all units being 
on the bus, as illustrated by Table XXI, a loading schedule can be pre- 
pared for any combination of units in service in a few minutes. 

It has previously been shown, by reference to Fig. 36, that, with con- 
stant throttle flow, a change in the temperature of the inlet circulating 
water causes changes in the load that can be generated and in the heat rate 
of the unit. For the preparation of loading schedules to take into account 
the inlet temperature of the circulating water, it is necessary to establish, 
for each turbine-generator unit, the load and heat rate as a function of the 
inlet circulating water temperature at constant throttle steam flow. 
This condition can be satisfied by establishing for each unit in the plant a 
set of curves similar to those of Fig. 36. 

Since the loading of the units is based on incremental rates which are 
average values between successive valve loads, consideration of the effect 
of inlet circulating water temperature may be limited to the condition 
when the steam admission valves are fully open. To simplify the deriva- 
tion of the loading schedules it is only necessary to establish the valve 
loads and the turbine-generator heat rates corresponding thereto as func- 
tions of the inlet circulating water temperature. This is illustrated for a 
unit with five steam admission valves by the curves of Figs. 54 and 55. 
The average incremental heat rates derived from these curves, by using 
the method illustrated in Table XIV, are shown in Fig. 56. Curves like 
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circulating water temperature. 
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Partial primary 


Quaternary 


Quinary 


Secondary 


Circulating water inlet temperature- deg F 

Fig. 55. Relation between circulating water inlet temperature and heat rates 
corresponding to the valve loads shown in Fig. 54. 



211,000 


Quaternary valve 


% 10,500 


Tertiary valve 


E 10,000 


Secondary valve 


Primary valve 


Circulating water inlet temperature-deg F 

Fig. 56. Relation between circulating water inlet temperature and average incre 
mental heat rates derived from Figs. 54 and 55. 
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Sequence of Adding Turbine-Generators 

Incremental rates are applied to determine the division of load among 
two or more units supplying a common load. This presupposes that the 
particular units to supply the load have been selected and tied to the 
station buses, and it raises the problem of deciding in what order and at 
what station loads the units should be put in or removed from service. 
In this connection it cannot be too strongly stressed that the incremental 
rates of the respective units have no direct influence on the sequence of 
adding units to the bus. The problem of which unit to put on the line 
must be solved by the heat rates rather than by the incremental rates of 
the units. It is only after the particular units are on the line that the 
incremental rates become of greater importance and determine the 
proper loading. 

By plotting the input-output or heat rate curves of all units to a com- 
mon scale, the sequence for putting the units in service can generally be 
established by inspection. Referring to the curves of Fig. 53, it will be 
seen that the order in which these units should be put on the line is E , Z), 
C, A , and B ) this being the order of ascending heat rates. The sequence 
for adding the units to the line becomes more involved if the heat rate 
curves of the respective units intersect so that one unit is more efficient 
at loads less than, and the other at loads greater than, that corresponding 
to the point of intersection. In such a case the choice will be governed 
by the load cycle. The principle involved is illustrated by the following 
example. 

Example. A station has a load of 20,000 kilowatts for 3 hours and a load of 

40,000 kilowatts for 2 hours. Two units are available, and only one is required 
to supply the load. The heat rates of each unit for the above loads are as follows : 

Load, Heat Rate — B tu per kw-hr 
kilowatts Unit A Unit B 

20.000 15,000 14,000 

40.000 14,000 14,500 

Which unit should be operated? 

If unit A is operated the input will be 

20.000 kw X 15,000 Btu per kw-hr X 3 hours — 900 X 10 6 Btu 

40.000 X 14,000 X 2 = 1,120 

Total 2,020 X 10 6 Btu 

If unit B is operated the input will be 

20.000 kw X 14,000 Btu per kw-hr X 3 hours = 840 X 10 6 Btu 

40.000 X 14,500 X 2 = 1,160 

Total 2,000 X 10® Btu 

By operating unit B a saving of 20 X 10 8 Btu will be realized. 
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Determination of Most Economical Combination 

The determination of the sequence for adding units to the line is 
merely a preliminary step in the solution of the major problem of deter- 
mining the combination of units that will supply a particular load at the 



50 100 150 200 250 300 350 400 450 500 550 600 

Station gross load- megawatts 


Fig. 57. Proper sequence for putting the units of Fig. 53 on the line. 

least overall heat rate. The number of possible combinations is a func- 
tion of the number of units available for service. Thus in a station con- 
taining five units, thirty-one combinations are possible: 


Number of Units Number of 
in Operation Combinations 


1 5 

2 10 

3 10 

4 5 

5 1 

Total 31 


Theoretically, for a complete analysis, thirty-one heat rate curves, 
one for each combination, would be required, so that, for any given load, 
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that combination would be selected which could supply the load at the 
lowest heat rate. 

Practically, it is seldom necessary to compute the number of curves 
indicated. With the sequence for adding units established, heat rate 
curves for successive combinations of units should be plotted, as illus- 
trated for the units of Fig. 53 by the lower set of curves of Fig. 57. These 
show the overall heat rates for combinations from one to five units, using 
the sequence previously established. The loads at which to add units 
are then determined by the points of intersection, so that, for the units 
in question, a second unit should be added at a load of 130 megawatts, a 
third unit at 255 megawatts, a fourth unit at 370 megawatts, and the 
fifth unit at a load of 425 megawatts. 

When one or more units are unavailable for service the procedure 
should be repeated, using the performance data for the available units. 
In computing the overall heat rate curve for any combination of units, 
the total load should be divided incrementally among the individual 
units. 

Effect of Auxiliary Power Consumption 

In discussing the problem thus far no consideration has been given to 
the effect of auxiliary power consumption. It Is obvious that the addition 
of a unit will result in increased auxiliary power consumption and, there- 
fore, will increase the total generation required for the given bus load. 
The net effect is generally to extend the load at which it becomes eco- 
nomical to add the unit. This is illustrated by the upper set of curves in 
Fig. 57, which shows the relation between the overall station net heat 
rate and the gross station load for the same combinations of units for 
which the lower set of curves was computed. 

For all practical purposes the problem may be treated with regard to 
the turbine-room economy only. To treat it with regard to the overall 
station economy would require numerous calculations depending upon 
the number of boiler combinations involved and the ability to segre- 
gate the turbine auxiliary requirements from those of the rest of the 
station. 

In Table XXIII are shown typical loading schedules for combinations 
of two or more units, derived from the loading sequence indicated in 
Table XXI. The most economical combinations are shown by the por- 
tions of the schedules between the horizontal lines. 

Effect of Reserve Requirements 

System reserve requirements may limit the extent to which the most 
economical combination of units can be operated to supply a given load, 
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in that more capacity may have to be operated on the bus than is re- 
quired for economy. The effect of providing reserve capacity may there- 
fore be reflected in lower operating efficiency of the plant. This is illus- 
trated for an actual system in Fig. 58, which shows by means of the 


TABLE XXIII 


Typical Turbine-Generator Loading Schedules 


Sta- 

tion 

2 Units 

3 Units 

4 Units 

5 Units 

Load 
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58 
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30 
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40 










140 

78 

62 

30 

58 

52 

20 
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50 

40 
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30 

68 

62 

20 

30 

58 

52 

20 

30 

30 

40 

40 

180 

96 

84 

30 

80 

70 

20 
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68 

62 

20 

30 

30 

58 

42 

200 

99 

101 

36 

80 

84 

28 

30 

80 

62 

20 

30 

30 

58 

62 

220 

99 

121 

46 

80 

94 

48 

30 

80 

62 

20 

30 

30 

78 

62 

240 

112 

128 

49 
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101 

52 

30 
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30 
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62 
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128 

67 

80 

113 

52 

44 

80 

84 

52 

30 

30 

80 

68 

265 

137 

128 

67 

80 

118 

52 

46 

83 

84 

52 

30 

30 

80 

73 

280 

152 

128 

67 

85 

128 

52 

46 

98 

84 

52 

30 

34 

80 

84 

300 

160 

140 

67 
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128 

52 

48 

99 

101 

52 

30 

46 

88 

84 

320 

160 

160 

67 
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128 

52 

67 

99 
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52 

39 

46 

99 

84 

340 
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52 

67 

99 
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52 

44 

46 

99 

99 
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128 

52 

44 
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101 
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67 
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101 

400 
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67 
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420 
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71 

83 
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128 

52 
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128 

435 






71 

83 
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128 

52 

68 

67 
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128 

440 






71 

83 
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128 

52 

68 

67 

125 

128 

460 






71 

101 

160 

128 

53 

83 

67 

129 

128 

480 






71 

110 

160 

139 

71 

83 

69 

129 

128 

500 






71 

110 

160 

159 

71 

83 

83 

135 

128 

520 










71 

83 

83 
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128 

540 










71 

83 

98 

160 

128 

560 










71 

83 

110 

160 

136 

580 










71 

83 

110 

160 

156 

600 










71 

99 

110 

160 

160 

620 










80 

110 

110 

160 

160 


All loads in megawatts. 


cross-hatched areas the capacity operated in excess of that required for 
best economy and the loss in efficiency resulting therefrom. 

Effect of Starting Losses 

Operators of a station supplying a variable load similar to that shown 
in Fig. 58 are frequently confronted with the problem of deciding whether 
or not it would be economical to shut down one or more units during 
relatively short periods of time. If a unit is shut down, it would have to 
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be put back on the bus at the end of the period, and this would usually 
involve losses incidental to restoring the unit to service. During the 
period of shutdown, it would be good practice to have the turbine spindle 
. rotating at very low speeds in order to prevent unequal temperature dis- 
tribution within the turbine casing. In many stations, especially where 
machines of large capacity are involved, this is accomplished by means 
of a motor-driven turning gear connected to the turbine shaft. Where 



Fig. 58. Effect of turbine-generator reserve requirements on overall station 

heat rate. 


this mechanism is not provided the slow rotation is accomplished by the 
admission of a small amount of steam to the turbine. The condensate of 
the steam used to rotate the spindle and to restore the unit tqjfSgrvi^by 
bringing it up to speed will frequently be thrown away if there is any pos- 
sibility of contamination with the condenser cooling water, as might 
happen if salt water is used as the cooling medium. 

Thermally, the starting loss would be represented by the heat content 
of the steam used for the above purposes. Other losses would involve the 
cost of fresh water to replace the condensate thrown overboard and the 
cost of treating the make-up water with chemicals to make it suitable for 
boiler feedwater. 

To illustrate, consider the period from 3 :00 a.m. to 6 :00 a.m. in Fig. 58, 
during which the load could be supplied by one unit instead of two. The 
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proper operating practice can be determined by calculating the heat in- 
put to the station under both conditions as shown below. 


Two-Unit Operation One-Unit Operation 


Load in 

Station Net 

Station 

Station Net 

Station 

Megawatts 

Heat Rate 

Input 

Heat Rate 

Input 

Time Gross Net 

Btu per kw-hr 

10 6 Btu per hr 

Btu per kw-hr 

10 6 Btu per hr 

3 a.m. 140 134.0 

12,900 

1,728.6 

12,900 

1,728.6 

4 130 124.5 

13,070 

1,627.2 

12,930 

1,609.8 

5 130 124.5 

13,070 

1,627.2 

12,930 

1,609.8 

6 140 134.0 

12,900 

1,728.6 

12,900 

1,728.6 

Integrated total 


4,983.0 


4,948.2 

Starting losses 


0 


100.0 

Total station input 


4,983.0 


5,048.2 


The above calculation clearly indicates that two units should be oper- 
ated during the period. 
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STATION PERFORMANCE 

Independent Loading of Boilers and Turbines 

In the preceding two chapters consideration was given to the problem 
of load division in the boiler and turbine rooms. The theoretical aspects 
and the extent to which they could be modified in the interest of simpli- 
fication were indicated. It is to be noted that the problems of load divi- 
sion in the boiler and turbine rooms were considered as being independent 
of each other. That this procedure Is permissible is demonstrated mathe- 
matically as follows: 

Consider two boilers operating with two turbines; the performance 
characteristics of the boilers and of the turbines are different. Either 
turbine may be partly or wholly supplied from either boiler. With both 
boilers and both turbines on the line, let 

L — total station load. 

L\ — load on turbine-generator 1. 

Z /2 = load on turbine-generator 2. 

T\ = heat input to turbine 1. 

T 2 = heat input to turbine 2. 

O t = total heat output of both boilers available to the turbine 
room. 

01 = heat output of boiler 1 available to the turbine room. 

H = heat output of boiler 1 not used in turbine 1. 

0 2 = heat output of boiler 2 available to the turbine room. 

1 1 = heat input to boiler 1. 

1 2 = heat input to boiler 2. 

It = total heat input to both boilers. 

It is assumed for the above that T\ and T 2 include the inputs to the 
respective turbine-generator auxiliaries and that I\ and 1 2 are the inputs 
to the boilers necessary to furnish Oi and O 2 and the inputs to the respec- 
tive boiler auxiliaries. All station auxiliaries are assumed to be steam 
driven. Then 
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and 


L = Li -f~ Z/2 
Ti + T 2 = O t = Oi + 0 2 
T x + H = Oi 

t 2 -h = o 2 


Ii = Il + h 


Suppose that L\ and 0\ are chosen as the two independent variables. 
The problem is then to determine, for any total load L, the values of L\ 
and 0\ which will give the minimum station input. Assume that all the 
boiler and turbine input-output curves are continuous and that the 
respective incremental rates never decrease as the output is increased. 
Then the condition for a minimum is mathematically expressed by the 
equation 

(lit = 0 [44] 

but 

1461 


Since Lj and Oi are independent variables, it is necessary that 

Bit 


dLi 


= 0 


and 


Bit 

dOi 


0 


in order that <11 1 shall vanish. But 

Bit d([ 1 + Io ) dli 


Also 

and 


dO 1 dOi 

O2 = O t — Oi 

d0 2 _ dOt _ dOi 
dOi ~ dOi dOi 


+ 


(dh 


d0 2 \ 

x doj 


dO 1 \d0 2 dO 


= - 1 


since 0/ is independent of 0\. Hence 

dl, dh dl 2 

dd\ ~ dOi d0 2 

or 

dh _ dl 2 
dOi d0 2 


[46] 


[ 47 ] 



110 


STATION PERFORMANCE 


This simply means that the boiler incremental rates are equal, 
larly 

— = — 4 - ( — v 
dL\ dL\ \dL 2 dL\ 


;) 


or 


Also 


dl 

dL 


l = (?h y ?9i\ . (HI* v y 

n \dO l dLj + \d0 2 dL 2 x dLx/ 


dL/2 

dL\ 


d(L - L x ) 


dL\ 


Now, since from equation 46 


Ml 

dLi 


aL 

dL\ 

= 0 


dL\ 

dL x 


-1 


substituting equations 50 and 51 in equation 49, 


But from equation 47 


d/i dOj _ a/ 2 d0 2 
dO\ dL\ d0 2 dL 2 


dh dh 
dO x ~ ao 2 

Hence equation 52 reduces to 

dOi _ ao 2 
dL x dL 2 

Furthermore, since 0\ = Ti + II, and 0 2 = T 2 — II, 

dOi 
dL\ 


dTi dll 
dL x + dLi 


and 


d 02 

dL 2 


dH 

dL 2 


d0 2 

dL 2 


dT 2 
dL 2 

df 2 
dL 2 
dT 2 
dL 2 

dT 2 
dL 2 

dT 2 dH 
dL 2 dLx 


_ /a£ aLi\ 

VaLj x azj 

_ raff d(L - Lg) l 

LdLx x dL 2 J 
_ faff /az^azA] 
LaLi \dL 2 dL 2 )\ 


Simi- 

[48] 

[49] 

[ 50 ] 

[ 51 ] 

[52] 


[53] 


[54] 


[ 55 ] 
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Substituting equations 54 and 55 in 53 


dT i _ dT 2 
dL\ SIj2 


[56] 


But dTi/dLi and dT 2 /dLi 2 are the incremental heat rates of the two 
turbine-generators. Hence, the requirements for a minimum station 
input, as shown by equations 47 and 56, are to operate (a) the two boilers 
at the same incremental rates, and ( b ) the two turbine-generators at the 
same incremental rates, respectively. It has already been shown that 
conditions (a) and (6) result in minimum boiler-room and minimum tur- 
bine-room inputs, respectively. 


Cal culation of Station Performance Curves 

The performance of the station is a function of the combined perform- 
ance of the boiler and turbine rooms, and the accuracy with which the 
station performance can be computed therefore depends on the accuracy 
of the computed results for the boiler and turbine rooms. In this con- 
nection it is necessary to consider the purpose for computing the station 
performance. When a system consists of several interconnected gener- 
ating stations, the allocation of load among the stations should be based 
upon the same principles as arc applied in the boiler and turbine rooms. 
The requirement is that incremental rates be established for each station, 
raising the problem of how this may be done with a minimum amount 
of effort consistent with the desired accuracy. 

At this point use can be made of the performance curves for the boiler 
and turbine rooms, which, when properly combined, will give the desired 
station performance. It should be kept in mind that, in the normal 
course of operation, a large number of curves will be necessary for the 
different possible combinations of turbines and boilers that may be oper- 
ated in a particular station. For example, consider a station with an in- 
stallation consisting of five turbine-generators and ten boilers so arranged 
that steam from any boiler can be supplied to the throttle of any turbine. 
Then, theoretically, there are 31 possible turbine-generator and 1,023 
possible boiler combinations. For the station as a whole there is a total 
of 31,713 possible combinations of boilers and turbine-generators. Actu- 
ally it is extremely improbable that computations for anywhere near this 
number of combinations would be necessary. However, the number of 
likely combinations would still be relatively large, so that the computa- 
tions involved would be quite considerable. 

With respect to load division among the generating stations of a sys- 
tem, the primary interest is to establish the incremental rate curves for 
the respective stations. This can be done without resorting to the use of 
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either input-output or heat rate curves for the station. The incremental 
rate for the station can be expressed as a function of the respective incre- 
mental rates for the boiler room, turbine room, and station auxiliaries, 





Fig. 59. Input-output curves used for the derivation of equation 63. 


thus providing a simple method of calculation employing data which have 
previously been prepared for load division in the turbine and boiler rooms. 

For the purpose of deriving the expression for the station incremental 
rate, consider the curves of Fig. 59. 

Let Li and L 2 = two successive station loads, in kilowatts. 

0\ and 0 2 = boiler outputs corresponding to the loads L\ and L 2 , 
respectively, in 10 6 Btu per hour. 

1 1 and 1 2 = the corresponding boiler inputs, in 10 6 Btu per hour. 
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Si and S 2 = the respective inputs to the steam-driven auxil- 
iaries for the station, in 10 6 Btu per hour. 

Ex and E 2 = the respective electric auxiliary power consump- 
tions of the station, in kilowatts. 

Let Rb = the boiler-room incremental rate; then from Fig. 59 A 


Let R a = the station steam auxiliary incremental rate in Btu per 
kilowatt-hour; then from Fig. 59 B 

«• - Tl ■ 1681 

Let R e = the station electrical auxiliary incremental rate, a number; 
then from Fig. 59C 

AE 

R* = ~ [59] 


Let R t = the turbine-room incremental rate in Btu per kilowatt- 
hour; then from Fig. 59 D 

AO - AS AO AS AO _ 

R ■ = ~nr - if. - Tl - AL - R - [60] 

Let R, t = the station net incremental rate in Btu per kilowatt-hour; 
then 

1 2 - h A7 


R.i = 


(L 2 - E 2 ) - (Lx - Ei) A L - A E 


from equation 57, and 


A7 = R b X AO 
AE = R e X A L 


from equation 59. Substituting in equation 61, 

= Rb X AO = AO Rb 
K,t ~ AL - ReAL AL X 1 - R e 


= ■ R t : ■+ -R s 


from equation 60. Substituting in equation 62, 

(Rt + R 8 )Rb 


Rat = 


1 - Re 


[63] 
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When the station auxiliaries are essentially electrically driven, so that 
the consumption of the steam-driven auxiliaries is constant or not a func- 
tion of the station load, equation 63 reduces to 


R*t = 


Rt X Rb 
1 - R e 


[63 a] 


Conversely, if the station auxiliaries are essentially steam driven and 
the electric auxiliary consumption is not influenced by changes in the sta- 
tion load, equation 63 becomes 

Ret ~ ( Rt 4“ Re)Rb [636] 


Equation 63 can be derived using differential calculus. Assuming 
that incremental loading has been independently applied to the turbines 
and boilers, so that the station performance represents continuous func- 
tions whose incremental rates are non-decreasing as the station load in- 
creases, let: 


It = total station input. 

O t = total boiler output. 

T — total turbine input. 

S = heat input to steam auxiliaries. 

E = power consumption of electric auxiliaries. 
L = gross station load (total generator load). 
L n = net station load. 


Then 


so that 


dl t 

dL n 


Ot = T -f- S and L n — L — E 

dlt d(T + S ) dL 
dO t X dL X d(L - E) 


But 


Hence 


dl t 

dO t 


X 



X 


1 


1 dL 


M ssP 'dS_R'dE_ Jt .dI LssJi 
dO t Rb ’ dL Rt ’ dL R ” dL *’ dL n “ 


Ret ~ 


Rb(Rt + Re) 

l - Re 


[63] 


The application of the above equation is illustrated in Fig. 60 and 
Table XXIV for a given combination of turbines /md boilers. In practice 
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Station 

Net 

Heat 

Btu/Kw-hr 

15,450 

15,410 

14,790 

14,790 

14,460 

14,210 

14,210 

14,090 

14,030 

14,030 

13,950 

13,930 

13,930 

13,910 

13,870 

13,870 

13,870 

13,850 


Boiler 

Room 

Eff. 

Per 

Cent 

86.8 

87.2 

87.8 

87.8 

88.5 

89.0 

89.0 

89.0 

88.9 

88.9 

88.8 

88.5 

88.5 

88.4 

88.2 

88.2 

87.7 

87.3 


05 

10,670 

10,690 

10,710 

11,080 

11,090 

11,090 

12,490 

12,600 

12,720 

12,910 

13,100 

13,250 

13,350 

13,410 

13,490 

13,490 

13,710 

13,870 


•• 

05 

500 

510 

520 

520 

520 

520 

520 

530 

540 

540 

540 

550 

550 

560 

560 

560 

580 

600 


« 

05 

0.036 

0.036 

0.037 

0.037 

0.038 

0.038 

0.038 

0.039 

0.040 

0.040 

0.041 

0.041 

0.041 

0.042 

0.042 

0.042 

0.043 

0.044 

CO 

e 

« 

-o 

05 


oo ao ao 

<N <N 

OOO 

QO 00 00 

N N N 
OOO 

.140 

.148 

.156 

.156 

.172 

.184 

3 fcg 

0 — 

® H f) 

--I N IN 

O 

fa 

o 

fc 

◄ 



^ rH ^ 



i-l f-4 

rH f-t wH 

** ** 


9,510 

O 

$ 

oT 

9,920 

10,180 

10,260 

10,260 

a 

« 

o 

05 

fa 

Ph 

Total 

Boiler 

Room 

Output, 

Million 

Btu/Hr 

00 f- 00 
cn <n m 

K5 to N 

1,728 

1,864 

1,999 

1,999 

2,105 

2,188 

2,188 

2,291 

2,445 

2,445 

2,521 

2,639 

2,639 

2,868 

3,095 

* 

O 

% 

m 

Steam 

Auxiliary 

Input, 

Million 

Btu/Hr 

S3S 

0 00 0 

t-N.CC 

0 ? 8 c? 

0 0 00 
OOO 

108 

112 

118 

118 

131 

142 

fa 

o 

fc 



261 

261 

261 

261 

261 

261 

261 

261 

261 

O «0 

0 'O 0 

'N tO *0 

505 

505 

505 

505 

505 

505 

o 

A 

D 

fa 

§3 

•— 1 pQ 


373 

373 

373 

373 

373 

501 

501 

501 

501 

501 

501 

501 

501 

501 

501 

501 

501 

717 

3 

< 

O 

is 

S3 

CQ 

373 

373 

373 

373 

501 

501 

OOO 
*o 0 0 

501 

501 

501 

501 

501 

501 

501 

717 

717 

fa 

£ 

3 

H a 


461 

555 

651 

0 3 3 

651 

752 

830 

830 

830 

830 

830 

902 

1,014 

1,014 

1,014 

1,014 

GO 

Station 

Net 

Load 

Mega- 

watts 

113.9 

123.5 

133.1 

133.1 
145.6 

158.1 

158.1 

167.8 

175.4 

175.4 
185.0 

198.4 

198.4 

205.1 

215.7 

215.7 

235.7 
255.9 


Electric 

Auxiliary 

Power 

Mega- 

watts 

6.1 

6.5 

6.9 

6.9 
7.4 

7.9 

7.9 

8.2 

8.6 

8.6 

9.0 

9.6 

9.6 

9.9 

10.3 

10.3 

11.3 
12.1 


i 

Total 

120 

130 

140 

140 

153 

166 

166 

176 

184 

184 

194 

208 

208 

215 

226 

226 

247 

268 


2 

3 -3 

Cj 

20 

20 

20 

20 

20 

20 

20 

20 

20 

883 

44 

44 

44 
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43 
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43 

43 

43 

43 

43 

43 

43 
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43 
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43 
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43 

43 

64 

64 


h 
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CALCULATION OF STATION PERFORMANCE CURVES 117 


iifii 

in P 


IJ^J 


•a fe a f | w 

o a 8 | i d 

H # O £ « 


If III 
1 ^ ~ ^ « 


2 *s ^ -2 

0) 08 bC *_> 


oo oo oq 

N N N 



118 


STATION PERFORMANCE 


TABLE XXV 

Turbine-Generator Loadings and Inputs 


Turbine-Generator Loads 
Megawatts 


Input to Turbine-Generators 
Million Btu per Hour 


307 428 

307 522 


424 

424 9,385 

424 

424 



































































36 15 41 70 83 70 124 125 454 218 512 805 

36 15 41 70 83 75 124 125 454 218 512 805 

36 15 41 70 83 82 124 125 454 218 512 805 


36 15 41 70 83 82 

36 15 41 70 83 82 

36 15 41 70 83 82 

36 15 41 70 90 82 

36 15 41 70 100 82 

36 15 41 70 110 82 


135 454 

145 454 


160 454 

160 454 


512 805 

512 805 


512 805 

512 805 

512 805 


36 15 41 70 110 90 

36 15 41 70 110 100 

36 15 41 70 110 110 

36 20 41 70 110 110 

36 25 41 70 110 110 

36 30 41 70 110 110 

36 35 41 70 110 110 


160 454 

160 454 


160 454 

160 454 

160 454 

160 454 


512 805 

512 805 

512 805 

512 805 

512 805 

512 805 

512 805 


no no 
no no 
no no 


160 454 

160 454 


512 805 

512 805 


110 110 
no no 
lio no 


160 454 

160 454 


512 805 

512 805 


no no 
lio no 
no no 


160 454 

160 454 


512 845 

512 885 


no no 
no no 
no no 


160 511 

160 582 


512 939 

512 939 


no no 
no no 


160 653 

160 653 


512 939 

512 939 


110 110 

no no 


160 653 

160 653 


543 939 

589 939 
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it will usually be found that single curves for the auxiliary power con- 
sumptions are satisfactory. Where refinement is desired, curves of 
auxiliary power consumption can be established for the different combi- 
nations of turbines and boilers. It is to be noted that in order to apply 
equation 63 it is necessary to know the boiler output corresponding to 
the station load, since the boiler incremental rate Rb is plotted as a func- 
tion of the boiler output. For the determination of the boiler output it 
will be found convenient to tabulate the turbine-generator loads and cor- 
responding inputs under incremental loading on the assumption that all' 
the units are in operation on the bus. This is illustrated in Table XXV 
for a station with eight turbine-generator units. From this table, the 
loading, the input to the turbine room, and the value of R t can readily be 
obtained for any combination of units in operation by omitting the tab- 
ulated values for those units not in the combination. For example, re- 
ferring to Table XXV, if units 1,3,5, and 7 are in service, then for a total 
load of 281 megawatts the following would obtain: 


Unit 

1 

3 

5 

7 

Total 


Load, megawatts 

36 

38 

83 

124 

281 


Input, 10 6 Btu per hour 

454 

480 

950 

1,339 

3,223 


The boiler-room output is obtained by adding the input to the steam- 
driven auxiliaries to the turbine-room input. The value of R t is indi- 
cated in Table XXV as 10,875 Btu per kw-hr. The values of R e) Rb, and 
R a are obtained from the appropriate curves so that the station net incre- 
mental heat rate can be obtained by substituting the values ]/ equation 
63 . 

Effect of Steam Tie Line of Limited Capacity 

In developing equations 47, 56, and 63 it was assumed that any boiler 
could supply steam to the throttle of any turbine without limitation in 
respect to quantity and direction of flow. When all the boilers and tur- 
bines are connected to a common steam header, the quantity of steam 
that can be transferred between adjacent sections of the steam header is 
sometimes limited. Considering this limitation with reference to two 
boilers and two turbines, it may no longer be possible to assume that 
L\ and 0\ are independent variables. Assume, therefore, that the maxi- 
mum heat that can be transferred through the steam tie line is Hq. As 
long as the difference between 0\ and T\ is less than H 0 , the turbines and 
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boilers can be loaded independently. When the transfer through the tie 
reaches Ho, equations 47 and 53 no longer hold. There is only one inde- 
pendent variable, say L\, and equation 44 becomes 


dlt 

dLt 


= 0 


da i + / 2 ) = dll .(dh dLi\ 
din dL i + \dL 2 X dLJ 


[64] 


dl i dl 2 

dL\ dL 2 
or 

dl\ dl 2 
dL\ dL 2 

and 

dl i dO\ d/2 d 02 

dO l X dL l Z= d0 2 X dL 2 

But since 

Oj = T x + // 0 

and 

0 2 = T 2 — Ho 


[65] 

[ 66 ] 


Ho being a constant, 

it follows i 

that 


(ZO, 

dT i 


dh 

“ dU 

and 




d0 2 

T3 1 
1 


dL 2 

dL 2 

hence 




dl\ dT x dl 2 d T 2 
dO[ X dLi = d0 2 X dL 2 


[67] 


Equation 67 simply implies that, whenever independent loading of 
the turbines and boilers would require the transfer of a quantity of steam 
in excess of the steam tie capacity, the total station load should be incre- 
mentally divided between the sections. The incremental rate for each 
section is established with capacity load on the steam tie, so that dI\/dO\ 
is the incremental rate of boiler 1 corresponding to an output of T\ + 
Ho and d/ 2 /d 02 is the incremental rate of boiler 2 corresponding to an 
output of T 2 — H 0 . At these boiler outputs, there is a transfer of steam 
equal to the capacity of the steam tie. 
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The steps involved in the procedure for determining the proper load 
division are illustrated by Fig. 61 and Table XXVI. Consider the 
hypothetical set-up shown in Fig. 61 .A, consisting of two turbines, each 
supplied by a group of boilers which are in parallel through a tie line of 
limited capacity. The performance curves for the individual turbines 
and the corresponding groups of boilers are shown in Figs. 61 B and 61(7, 


A 



Fig. 61 . Effect of steam tie line of limited capacity on incremental loading. 


respectively. The turbine-generators were assumed to have a rated 
capacity of 100 megawatts each, with minimum operating loads of 20 
megawatts. Each group of boilers was assumed to have a capacity of 
1,300 million Btu per hour with a minimum operating output of 100 
million Btu per hour. The team tie line was assumed to have a limited 
capacity equivalent to 200 million Btu per hour. 

Since the capacity of the steam tie line may be a limitation to the 
most economical load division, it is necessary to determine in what load 
range, if any, this limitation will occur. Step 1 of Table XXVI indicates 
the load division when the turbines and boilers are loaded incrementally 
and independently of each other using the respective incremental rate 
curves of Figs. 61 B and 61 C. It is seen from step 1 that independent 
loading cannot be applied for station loads in the range from 80 to 165 
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TABLE XXVI 

Effect of Steam Tie Line Limitation on Load Division 
Step 1 

Independent Loading of Turbines and Boilers 


Generator Loads 
Megawatts 

Turbine Inputs 

10 6 Btu per Hour 

Boiler Outputs 
10 6 Btu per Hour 

Steam Tie 
Line Load 
10 6 Btu 

Total 

L 

Unit A 
L a 

Unit B 

L b 

Unit A 
To 

Unit B 
T„ 

Total 

Ot 

Group A 
O a 

Group B 

o b 

per hour 
H 

40 

20 

20 

250 

265 

515 

415 

100 

165 

50 

30 

20 

350 

. 

265 

615 

515 

100 

165 

60 

40 

20 

450 

265 

715 

615 

100 

165 

70 

50 

20 

550 

265 

815 

715 

100 

165 

80 

50 

30 

550 

375 

925 

825 

100 

275 

90 

50 

40 

550 

485 

1,035 

935 

100 

385 

100 

50 

50 

550 

595 

1,145 

1,045 

1 j 

100 

495 

110 

60 

50 

670 

595 

1,265 

1,085 

180 

415 

120 

70 

50 

790 

595 

1,385 

1,115 

270 

325 

125 

75 

50 

850 

595 

1,445 

1,120 

325 

270 

135 

75 

60 

850 

| 725 

1,575 

1,165 

410 

315 

145 

75 

70 

850 

855 

1,705 

1,195 

510 

345 

150 

75 

75 

850 

i 

920 

1,770 

1,210 

560 

360 

155 

80 

75 

920 

920 

i 

1,840 

1,230 

610 

310 

165 

90 

75 

1,060 

1 920 

1,980 

1,260 

720 

200 

175 

100 

75 

1,200 

920 

2,120 

1,300 

820 

100 

180 

100 

80 

1,200 

995 

2,195 

1,300 

895 

100 

190 

100 

90 

1,200 

1,145 

2,345 

1,300 

1,045 

100 

200 

100 

100 

1,200 

1,295 

2,495 

1,300 

1,195 

100 
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TABLE XXVI — Continued 

Effect of Steam Tie Line Limitation on Load Division 

Step 2 


Computation of Adjusted Section Incremental Rates 



Load 

USB 

Turbine 

Input 

Capacity 
of Steam 

Boiler 

Output 

Boiler 

Incremen- 

Section 
Incremen- 
tal Rate 
(R t X Rb) 



tal Rate 

Tie Line 

(T ± H 0 ) 

tal Rate 



Rt 

T 

Ho 

0 

Rb 

Rat 


20 


250 


450 

I 

10,800 


30 

10,000 

350 


550 


11,080 


40 

450 


650 


11,360 


50 


550 


750 




50 


550 


750 

1.170 



55 


610 


810 

1.190 

14,280 


60 

12,000 

670 


870 

1.210 

14,520 


65 

730 


930 

1.238 

14,860 

Section A 

70 


790 


990 

1.265 

15,180 


75 


850 



1.295 

15,540 


75 


850 



1.295 

18,130 


80 


920 


1,120 

1.332 

18,650 


85 


990 


1,190 

1.378 

19,290 


90 

14,000 

1,060 


1,260 

1.427 

19,980 


92.9 


1,100 



1.460 

20,440 


95 


1,130 


1,300 

1.460 



100 


1,200 



1.460 

20,440 


20 


265 


100 

1.300 

14,300 


23.2 


300 



1.300 

14,300 


30 

11,000 

375 


175 

1.310 

14,410 


40 


485 


285 

1.330 

14,630 


50 


595 


395 

1.354 

14,890 


50 


595 


395 

1.354 

17,600 


55 


660 


460 

1.370 

17,810 


60 

13,000 

725 


525 

1.385 

18,010 

Section B 

65 

790 


590 

1.400 1 

18,200 


70 


855 


655 

1.420 

18,460 


75 


920 


720 

1.440 

18,720 


75 


920 


720 

1.440 

21,600 


80 


995 


795 

1.465 

21,980 


85 

15,000 

1,070 


870 

1.494 

22,410 


90 

1,145 


945 

1.527 

22,910 


95 


1,220 


1,020 

1.567 

23,510 


100 


1,295 


1,095 

1.610 

24,150 
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TABLE XXVI —Continued 

Effect of Steam Tie Line Limitation on Load Division 

Step 3 

Loading Adjusted to Steam Tie Line Capacity 


Generator Loads 

Turbine Inputs 

Boiler Outputs 

Steam 

Tie 









Line 









Total 

Unit A 

Unit B 

Unit A 

Unit B 

Total 

Group A 

Group B 

Load 

L 

La 

Lb 

T a 

T b 

Ot 

Oa 

Ob 

H 0 










80 

56 

24 

622 

309 

931 

822 

109 

200 

90 

58 5 

31.5 

652 

392 

1,044 

852 

192 

200 

100 

61 

39 

682 

474 

1,156 

882 

274 

200 

110 

64 

46 

718 

551 

1,269 

918 

351 

200 

120 

70 

50 

790 

595 

1,385 

990 

395 

200 

125 

75 

50 

850 

595 

1,445 

1,050 

395 

200 

135 

75 

60 

850 

725 

1,575 

1,050 

525 

200 

145 

77 

68 

878 

829 

1,707 

1,078 

629 

200 

150 

78.5 

71 5 

899 

875 

1,774 

1,099 

675 

200 

155 

85 

75 

990 

920 

1,910 

1,190 

720 

200 


* 

i 




! 

! 
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megawatts, as this would require a transfer of steam between the sections 
in excess of the rated capacity of the steam tie. For this range of station 
load it is necessary to divide the load incrementally between sections on 
the basis defined by equation 67. The computation of the section incre- 
mental rates adjusted for capacity flow through the steam tie line is 
shown as step 2 of Table XXVI, and the respective incremental rate 
curves for the sections are shown in Fig. 61D. Using these curves, the 
proper load division between the boilers and turbines for station loads 
between 80 and 155 megawatts is shown as step 3 of Table XXVI. 

It is now possible to formulate some general principles and rules as a 
guide for the application of incremental loading within the generating 
station. These may be briefly summarized as follows: 

1. If the design of the station piping Is such that all boilers feed into 
a common header, permitting any boiler to supply steam to any turbine, 
then the maximum station efficiency will be obtained when the boilers 
and turbines are independently loaded, so that all the turbines are oper- 
ating at loads which correspond to the same turbine incremental rate, 
and, similarly, all the boilers are operating at outputs which correspond 
to the same boiler incremental rate. 

2. If certain groups of turbines can be supplied with steam only by 
certain boilers, then the independent treatment of the boiler and turbine 
rooms is not possible. Under these conditions it is necessary to compute 
the combined performance of each section of the station, consisting of a 
group of turbines and the particular group of boilers which supply them 
with steam. Each section is treated as an independent station, and the 
turbines and boilers of that section are loaded independently. The over- 
all station performance is obtained by dividing the total station load 
incrementally between sections. 

3. If sections of a station are connected by a steam tie line of limited 
capacity, the boiler and turbine rooms may be treated independently 
until the limit of the tie-line capacity is reached. Beyond this point the 
total station load is divided between the sections incrementally, the 
incremental rates of each section being calculated for the condition of 
capacity flow through the steam tie line. 

4. Where two sections of a station operating at different steam pres- 
sures are in parallel through a pressure-reducing valve and perhaps 
through a steam desuperheater, then, up to the capacity of the reducing 
valve or desuperheater, the turbine and boiler rooms may be independ- 
ently treated in the manner discussed above, with the additional limita- 
tion that the flow of steam between sections must be in one direction 
only. If independent loading results in steam flow through the steam tie 
in the wrong direction, the station load should be divided incrementally 
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between the sections as described in 2 above. The limitation in regard 
to direction means that H 0 cannot be negative in the derivation of 
equation 67 and must have a value between zero and Hq. If independent 
loading results in steam flow in the right direction but in amounts exceed- 
ing the capacity of the reducing valve or desuperheater, the station load 
should be incrementally divided between the sections in the manner 
described in 3 above. 

The operation of a station at two different pressures, with a steam tie 
between the sections through a pressure-reducing valve, may introduce 
difficulties with respect to proper load division due to the complicated 
arrangements that may be necessary to return the feedwater from the 
low- to the high-pressure section. The procedure then would depend 
upon the piping arrangement of the station. 

Checking Station Performance 

After the station performance curves have been established it is desir- 
able to check them against the actual performance of the station for some 
specified period. Since it is the customary practice to report station per- 
formance for monthly periods, the check should be made for several 
monthly periods, preferably for a month during each of the seasons: win- 
ter, summer, spring, and fall. Essentially, the procedure is to compute 
the station heat rate by applying the computed heat rate curves to the 
actual load cycles. The integrated results will indicate the effect of the 
load cycle on the station heat rate, but it will not include those station 
losses which are independent of the load cycle and which cannot be incor- 
porated in the computed heat rate and incremental heat rate curves. It 
is necessary therefore to make the computations in two steps. In the 
first step, the station “load heat rate” is computed. The load heat rate is 
considered to be a direct function of the instantaneous load on the sta- 
tion. In the second step, all the station losses which are independent of 
the instantaneous loads on the station are computed. This will be re- 
ferred to as the station “loss heat rate.” The sum of the two gives the 
overall heat rate, which is then compared with the officially reported heat 
rate for the station. 

Load Heat Rate 

To calculate the load heat rate it is necessary to analyze the actual 
operating conditions which prevailed in the station during the period, and 
the curves which were computed for these conditions should be applied. 
The important items which must be established are: 

1. A load duration curve for each combination of turbine-generators 
actually operated. 
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Monthly Totals 150.5 51 32 19.5 20 172.5 13 23 60.5 1 1.5 175.5 20.5 0.5 0.5 2.5 



Duration Data for Units 6 - 7-8 
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Duration in hours. 


Calculation of Station Heat Input for Units 6 - 7-8 
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Calculation of Station Load Heat Rate 
Circulating Water Inlet Temperature = 63° F 
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2. The average circulating water inlet temperature for the period. 

3. The combination of boilers in service. If several combinations of 
boilers were operated, then item 1 should be established for each combi- 
nation of boilers. 

4. The gross and net outputs for the period. 

To illustrate the procedure involved, an actual calculation will be de- 
scribed for a station consisting of 8 turbine-generators and 32 boilers. To 
simplify the discussion a month has been selected during which only one 
combination of boilers was operated. 

From the station log sheets, a tabulation similar to Table XXVII is 
compiled. This indicates the various turbine-generator combinations 
and the number of hours of actual operation for each. The sum of these 
hours should equal the total period hours. As a cross-check, the operat- 
ing hours for each combination should add to the total daily hours of 24 
as shown in the last column. 

The load duration data for each combination of units should next be 
determined from the daily log sheets. A sample calculation is shown in 
Table XXVIII for a three-unit combination. The daily and monthly 
durations should check with the corresponding values of Table XXVII. 
For example, referring to Table XXVIII it will be seen that, for October 
16, the daily total duration hours indicated in the last column amount to 
10.5, while the monthly total for this combination is 172.5. The same 
values are indicated in the seventh column of Table XXVII; thus this 
table serves as a means of checking against errors. 

Upon completion of the load duration data for each combination of 
units, the corresponding station heat inputs are calculated as shown in 
Table XXIX. The gross loads and corresponding hourly durations are 
obtained from Table XXVIII. The electric auxiliary power consump- 
tion and the station net heat rates are obtained from the computed curves 
for the station. 

The summary for all combinations of units, shown in Table XXX, 
is self-explanatory. The station load heat rate computed for the month 
in question is indicated as 13,632 Btu per net kw-hr. 

Loss Heat Rate 

Table XXXI shows the station loss heat rate. In this particular sta- 
tion the fixed losses are comparatively small, being about 1 per cent of 
the overall station heat rate. Hence, a comprehensive analysis beyond 
that indicated in the table cannot be justified. The loss heat rate for the 
station is indicated in the table as 152 Btu per net kw-hr. 

The computed overall station heat rate is the sum of the load heat 
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rate and loss heat rate which in this case amounts to 13,632 + 152 or 
13,784 Btu per net kw-hr. 

The loss heat rate is a function of the station losses, which may repre- 
sent from 1 to 10 per cent of the overall station heat rate, depending upon 
the design of and the operating conditions within the station. When the 
losses are relatively small, there is justification for only the simplest kind 
of analysis, since a relatively large error in the calculated loss heat rate 
affects the calculated overall station heat rate but slightly. Thus, for the 
illustration above, it is seen that the loss heat rate is approximately 

TABLE XXXII 

Summary of Calculations to Check Station Performance 

Btu per net kw-hr 

Computed Station Load Heat Rate 13,900 


Computed Loss Heat Rates 


Btu 

per net kw-hr 


1. Loss due to boiler blowdown 

50 


2. Input to coal feed steam injectors 

50 


3. Loss due to starting steam auxiliaries, 
free blows, soot blowing, steam leaks, 

etc. 

285 


4. Loss due to feedwater thrown overboard 

45 


5. Loss due to cold boiler starts 

140 


6. Loss due to station heating 

140 


7. Loss due to turbine-generator starts 

80 


8. Loss due to piping radiation 

60 


9. Coal lost in mill washers 

100 


10. Loss due to reduced steam temperature 

from standard value 

60 


Total station loss heat rate 


1,010 

Computed overall station heat rate 


14,910 

Actual heat rate 


15,210 

Ratio — actual to computed station heat rate 


1.020 

Actual load heat rate (15,210 — 1,010) 


14,200 

Ratio — actual to computed load heat rate 


1.022 


1.1 per cent of the overall station heat rate. An error in the calculated 
loss heat rate of as much as 20 per cent would introduce an error of only 
0.22 per cent in the calculated overall station heat rate. 

A more extensive analysis than that shown in Table XXXI is justi- 
fied if the station losses amount to 5 per cent or more of the overall sta- 
tion heat rate. Table XXXII illustrates the items considered and the 
results obtained for a station whose losses are approximately 6.6 per cent 
of the overall station heat rate. 
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Adjustment of Performance Curves 

The purpose of checking computed performance against actual per- 
formance is to give assurance that the computed heat rate and incremen- 
tal heat rate curves correctly define the operating characteristics of the 
station. In general, it should be possible to calculate the overall station 
heat rates within ± 2 per cent of actual values. Results obtained for a 
particular station are shown in Fig. 62 by months for the calendar year 


Comparison of actual and computed 



O) 



c <u 
0£ 



Actual heat rate deviation diagram 



Fia. 62. Comparison of actual and computed monthly heat rates for a generating 

station. 


1936. For this station the indicated variation between the computed 
and actual station heat rates lies between =fc 1 per cent. To obtain such a 
close check requires extensive analysis of those factors which influence 
the monthly station heat rates. The extent to which this can be done is 
illustrated for the same station in Fig. 63, which shows the effect of 
changes in operating conditions on the station losses expressed in terms 
of the station heat rate. The indicated losses are measured from “bogey” 
conditions as datum. They also serve as a means of accounting for the 
changes in the monthly station heat rate values. 

It is sometimes helpful to make separate performance checks for the 
boiler and turbine rooms, when the computed performance of the station 
does not check with the actual performance within acceptable limits, 
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since this may disclose whether the computed performance curves for the 
boiler room, turbine room, or both need revision. The results of such a 


River water temperature 
loss above 30 F 



Electrical auxiliary loss 



Turbine steam temperature 
loss under 700 F 



Condenser fouling loss Steam auxiliary and 

under 100% cleanliness waste steam losses 





Turbine unavailability loss 




Fig. 63. Effect of changes in operating conditions on generating station losses. 

breakdown are shown in Table XXXIII for the station in question. Re- 
ferring to this table it is seen that the computed performances of the 
boiler and turbine rooms are in very close agreement with actual operation. 
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The variation between the computed and actual generation is ex- 
plained by the fact that the computed value is derived from instantane- 
ous loads recorded on log sheets every half hour. Variation of the load 
during the half-hour intervals will introduce an error, the magnitude of 
which will depend upon the degree of variation. Hence it is to be ex- 
pected that the computed generation will differ from the actual genera- 
tion, which is usually measured by watt-hour meters. In general, the 
variation will not exceed 3 per cent and will not materially affect the 
computed overall station heat rate. 


TABLE XXXIII 

Comparison between Actual and Computed Station Performance 




Actual 

Computed 

Per Cent 



Performance 

Performance 

Difference 

Gross generation 

kw-hr 

165,531,741 

161,172,500 

-2.6 

Station auxiliaries 

kw-hr 

6,970,531 

7,389,300 

+6.0 

Net generation 

kw-hr 

158,561,210 

153,783,200 

-3.0 

Auxiliaries — per cent of gross 




generation 

Turbine-room overall heat 


4.21 

4.58 

+8.8 

rate 

Btu per kw-hr 

11,250 

11,270 

+0.2 

Boiler-room overall efficiency 

per cent 

85.3 

85.7 

+0.5 

Station net heat rate 

Btu per kw-hr 

13,770 

13,780 

+0.1 


Although the variation in the auxiliary power consumption shown in 
the table is relatively large, the effect on the computed overall station 
heat rate is not material. Thus, with auxiliary consumption at the 
actual value of 4.21 per cent of gross generation, the computed station 
net heat rate would be 13,730 Btu per kw-hr, instead of the value £hown, 
which would differ from the actual value by only —0.3 per cent and still 
be well within the desired accuracy. 

If the difference between the computed and actual performance of the 
station is large enough to require adjustment of the computed perform- 
ance curves, the method of adjustment should be given careful considera- 
tion. It is preferable that adjustment of the computed performance 
curves be avoided whenever it is possible to do so, because there is no 
assurance that the adjusted curves, regardless of the method used, will 
define the operating characteristics of the station correctly. Experience 
has shown repeatedly that adjustments are unnecessary when the basic 
data are reasonably accurate. For this reason analysis of the basic data 
for detection of errors and inconsistencies is preferable to the making of 
adjustments. 

If adjustments are required they can be applied to either the 
input-output or heat rate curve. The effect of the adjustments on 
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the corresponding incremental rate curve will depend on the method 
of adjustment. 

Adjustment of Input-Output Curves 

Several methods are available for adjusting the input-output curve. 
If it is desired to have the incremental rate remain unaffected by the 
adjustment add to or subtract from the inputs a constant value. Math- 
ematically this merely means that, if 

y = /(*) 

and 

y' = f(x) + K 

where K is a constant, then 

d]/ = dy 
dx dx 

This is also demonstrated as follows: 

Let 0\ and O 2 = successive values of output. 

lx and 1 2 = successive values of input corresponding to Oi and 02 , 
respectively. 

IR = the average incremental rate without adjustment of the 
input-output curve. 

IR' = the average incremental rate for the adjusted input-output 
curve. 

K = a constant. 

Then the incremental output = O 2 — 0\ y and the incremental input = h — h, 
so that 

Oi - 01 AO 

If the inputs are increased by a constant value K, then 

tp' - + K 1 ~ (/i ± El _ ft - h _ M. - tp 

Oi - Ox Oi - Ox AO 

If the inputs are multiplied or divided by a constant factor, the incre- 
mental rate values will have a corresponding change. Thus, if 

y = fix) 

and 

y' = K[f(x)] 


then 
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Similarly 

i R > = ku-ku = K r 

O2 — 0 \ LO2 — Oi 



= K(IR) 


If the inputs are multiplied by a variable factor, the adjusted incre- 
mental rate curve will be a function of the slopes of the original input- 
output curve and the variable factor curve. Mathematically this means 
that, if 

y = fib) 


and 

then 


/v = f 2 (x) 
y' = K-y 

= K ■ — + y ■ d — 

dx dx dx 


The several ways in which a variable factor can be applied to the 
input-output curve are illustrated in Fig. 64. Curve 1 represents the com- 



Fig. 64. Three methods of adjusting station input-output curves. 

puted input-output curve; 2 is the adjusted input-output curve obtained 
by pivoting 1 about its minimum operating output; 3 is obtained by 
pivoting 1 about point A, which is usually the average load generated 
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during the operating period being checked, so that the inputs are re- 
duced for loads less than the value at point A , and increased for greater 
loads; 4 shows the adjustment of the input-output curve by pivoting 
about point A in a direction opposite to that of curve 3 to give opposite 
effects. 

For each of the methods discussed above, if the adjustments are 
properly made, the application of the adjusted inputs to the given load 
cycle should result in a computed overall station heat rate which is in 
close agreement with the actual heat rate. The corresponding adjusted 
incremental rate curves, however, will differ from each other. 

Adjustment of Heat Rate Curves 

The adjustments described above can also be applied to the computed 
heat rate curve. The addition or subtraction of a constant will change 
the incremental rate values by an amount equal to the constant. Thus, if 

v = /(*) 

represents the input-output curve, then 

y = fix) 
x x 

represents the corresponding heat rate curve. The addition of a constant 
K to the original heat rate curve makes the adjusted heat rate curve 


» + K _ &> + K 

XX X 


so that the adjusted input-output curve can lx; represented by 

y' = y + K-x 

and 

dy' _dy 
dx dx 

„/ 

where = the adjusted incremental rate, and 
dx 

dy 

— = the original incremental rate. 

OX 

Likewise, letting HRi and HRi = heat rates corresponding to the outputs 0\ 
and O 2 , respectively, 


I\ — HR\ X 0\ and I 2 = HR 2 X O 2 
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so that 

IR = A/ = h - h = (//fl 2 X 0%) ~ {HR, X Oi) 

AO O 2 — Oi O 2 — Oi 

and 

= X 0 2 ) - {HR, X Oi) + AT(Q 2 - QJ 

0 2 — Oi 

= - - + K = — + K-IR + K 

0 2 - 0, AO 

Multiplying or dividing the heat rate values by a constant or variable 
factor will change the incremental rates to the same extent as similar 
adjustments applied to the input values. Thus, for a constant factor, if 


V = fix) 


then 

HR =- = ® 


X X 

and 


so that 



y’ — K-y and 


Similarly 



IR' 


(K X HRq X 0 2 ) - (K X HRi X OQ 
0 2 — 0 \ 




Incremental Production Costs 

In developing the performance curves for a generating station, con- 
sideration was given only to its thermal performance, involving the sta- 
tion heat rates and incremental heat rates. For purposes of load division 
among stations of a system it is quite satisfactory to use the respective 
station incremental heat rates adjusted for differential fuel prices, since 
usually fuel represents the major item of production cost. 

From a theoretical point of view the load division among stations 
should be based on their respective incremental production costs. Fur- 
thermore, this is the desired basis for billing energy interchanged between 
different companies. This requires that incremental cost curves be 
established for the production items other than fuel, namely, labor, 
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supplies, and maintenance. To be consistent, these should be estab- 
lished as functions of instantaneous demand or load. Unfortunately, 
there is no known method by which this can be done with a reasonable 
degree of accuracy. Hence it is common practice to resort to arbitrary 
methods of determining the incremental costs of labor, supplies, and 
maintenance. 

Within certain limits, an increment of load can be generated without 
any change in the cost of labor, and in general the cost of labor will be in- 
fluenced mostly by the amount of equipment in service. If it is neces- 
sary to operate additional boilers and turbine-generators to supply a 
given increment of load, obviously additional operating personnel will be 
required. The incremental labor costs will then be a function of the 
number of additional boilers and turbine-generators placed in service, 
and, within the limit of the additional capacity so provided, the incre- 
mental cost of labor will be fixed and independent of the incremental 
load supplied. 

Agreements for the interchange of energy between systems frequently 
contain a provision for supplying firm or standby capacity which may 
involve incremental labor costs. It is preferable to incorporate the in- 
cremental labor costs with the charge for the standby capacity and to 
exclude them from the incremental energy charge. 

Sometimes it becomes necessary to decide whether it would be more 
economical to supply an increment of load: (a) from a station already 
heavily loaded, or (6) from a station where additional equipment would 
have to be put in service. The decision should be made on the basis of 
the relative incremental production costs to supply the incremental load. 
In (a), probably no incremental labor costs would be involved; in ( b ), 
incremental labor costs should be included as a proper item of cost. 

With respect to station supplies, analyses of the production costs for 
many stations indicate that the average unit cost of supplies per kilo- 
watt-hour generated remains relatively constant. Hence no appreciable 
error is introduced by assuming the incremental cost of this item to be 
the same as the average unit cost. Further justification for this assump- 
tion is that this item is very small in comparison with other items of 
production cost. 

Maintenance costs should include expenditures on boilers, turbine- 
generators, buildings, structures, and electrical, auxiliary, and miscella- 
neous equipment. It is generally recognized that boiler maintenance 
costs are influenced considerably by the steaming rates maintained. 
This is illustrated by the curve of Fig. 65, which shows boiler mainte- 
nance costs as a function of the coal burned for an installation consisting 
of stoker-fired boilers rated at 500 boiler horsepower each. The values 
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on both scales have been reduced to annual averages by dividing the 
annual costs and coal consumptions respectively by the annual boiler 
service hours. 

For turbine-generators, the normal routine maintenance costs will 
generally depend on the service hours of the unit and not on the kilowatt- 
hour generation. Hence this item of maintenance is for all practical pur- 
poses not a function of the instantaneous generated load. 



Pig. 65. Boiler maintenance cost shown as a function of the amount of coal burned. 


Maintenance of the remaining power-plant equipment will usually 
have a fairly constant average unit cost per kilowatt-hour generated and 
it therefore may also be considered as the incremental cost. 

In view of the fact that the determination of the incremental mainte- 
nance costs is at best but an “educated guess” there is hardly any justi- 
fication for a breakdown of the costs among the classes of power-plant 
equipment mentioned above. Usually consideration need be given only 
to the maintenance costs for the station as a whole. # 

Among the arbitrary methods of determining the incremental main- 
tenance costs, the most common one assumes that the incremental main- 
tenance costs are some fixed percentage of the incremental fuel costs, 
which may be taken as the ratio of the annual maintenance costs to the 
annual fuel costs. As the annual fuel costs are easily determined from 
production cost statistics for the station, this method is a simple one to 
apply. 
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If station production cost statistics arc available for a number of 
years during which the annual generation has a relatively large variation, 
the above method can be modified to permit the determination of the 
incremental maintenance costs in a more logical and consistent manner, 
as illustrated in Fig. GG. 





Annual net generation-million kw-hr 

A 



Fig. 66. Determination of incremental maintenance cost as a function of incremental 

fuel cost. 


1. For the station in question, plot the annual fuel and maintenance 
costs as a function of the annual net generation. This is shown in Fig. 
66A for a period covering seven years. The fuel costs should preferably 
be adjusted to some standard fuel price, and the maintenance costs 
should exclude any unusual item of repair and any item not a proper 
maintenance charge. 

2. The slopes of the curves of Fig. GG A represent average incremental 
costs. These are plotted against annual generation as shown in Fig. 662?. 

3. From the curves of Figs. 66A and GG B the ratio of the annual 
maintenance costs to the annual fuel costs and the ratio of the incremen- 
tal maintenance costs to the incremental fuel costs, respectively, are de- 
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termined and plotted as shown in Fig. 66 C. Referring to this figure it 
will be noted that the ratio of the annual costs is larger than the ratio of 
the incremental costs. The assumption that these are equal, which is the 
basis of the first method discussed above, is incorrect. 

4. A cross plot from the curves of Fig. 66C permits the plotting of the 
ratio of the incremental costs against the ratio of the annual costs as 
shown in Fig. 66 D. It is seen from this figure that, although the ratio of 
the annual costs varies from 24 to 45 per cent, the ratio of the incremen- 
tal costs varies but from 20 to 28 per cent. 

With a curve similar to that shown in Fig. 66D established it is a 
simple matter to derive the incremental production cost curve from the 
incremental heat rate curve. This is illustrated below for one value. 

Incremental heat rate 12,000 Btu per kw-hr 

Fuel price 18ch per million Btu 

Incremental fuel cost 0.216ft per kw-hr 

Ratio annual maintenance to annual fuel (from produc- 
tion cost statistics) 35 per cent 

Ratio incremental maintenance to incremental fuel (from 
Fig. 66D) 24 per cent 

Incremental fuel and maintenance costs (0.216 X 1.24) 0.268{h per kw-hr 
Incremental cost of supplies (from production cost sta- 
tistics) 0.010ft per kw-hr 

Incremental production cost 0.278p. per kw-hr 

The most serious objection to the use of production cost statistics in 
the manner described above is that the maintenance costs for a given 
period are not necessarily the result of the generation during that period. 
For this reason a period covering less than one year should not be 
used. Averaging the costs over several years of operation is preferable, 
since any error resulting from deferred maintenance would thus be 
minimized. The fact remains that production cost statistics offer the 
only source of basic data for estimating incremental costs other than 
fuel, and hence must be used for whatever they are worth. 
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SYSTEM LOAD DIVISION 
Integrated Input-Output Curves 

Correct loading of generating stations has assumed increased impor- 
tance as interconnections have become common, especially since the 
operation and control of boilers and turbine-generators now have 
reached a point where dependable station heat rate characteristics can be 
duplicated day after day. Application of the different methods of load 
division, however, is dependent essentially upon the nature of the data 
available. There has been a gradual transition, in varying degrees of 
accuracy, from the use of operating performance data on the basis of 
average monthly, weekly, or daily cost per kilowatt-hour to methods 
which permit of properly combining the economy characteristics of re- 
lated equipment so that load can be divided on a minute-to-minute basis 
and full advantage can be taken of the immediate load conditions of the 
boiler room, turbine room, station, or system. 

With the increased grouping of stations having quite different charac- 
teristics and the rapid introduction of new types of equipment, direct and 
accurate means of load division must be used to secure the best operating 
economy. In an interconnected group, individual stations do not neces- 
sarily follow the characteristic load curves of the system demand. Con- 
sequently there is a shifting of load factors and plant factors among the 
different stations so that the use of average input-output data has lost 
most of its value from the standpoint of correct allocation. 

To illustrate, consider the curves of Fig. 67, which represent the char- 
acteristics of performance for two stations, taken from daily operating 
data. Each point represents the integrated 24-hour output for various 
station loads plotted against the total station heat input. Over a period 
of time a large number of values are obtained which give the average 
economy characteristic trend of the station. Straight lines are drawn 
through these points, and from this information a determination may be 
made as to how the stations should be loaded with respect to each other. 

It is evident that, if a daily output of only 100,000 kw-hr is needed, 
station A could supply the load with less input than station B] if the 
output were 400,000 kw-hr, station B could supply it more economically 
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than station A. If both stations were required to be in operation, station 
A would be operated at minimum output until station B was fully 
loaded; and then station A would be loaded. This method of loading in 
no way takes advantage of the minute-to-minute economy relation 
between the stations, but merely utilizes the average integrated 
characteristics. 



Fig. 67. Integrated input-output curves for two stations plotted from daily operating 

data. 


The greatest objection to the use of this type of input-output, curve 
is that the inputs are plotted as functions of the total output for some 
given period of time instead of as a function of the instantaneous load on 
the station. With a given combination of boilers and turbines in service, 
and for a given total output, the station input will depend upon the load 
cycle of the station. This is illustrated by the curves of Fig. 68. Given 
the station input-output curve of Fig. 68 A, the average heat rate for a 
given period can vary between the values on the two curves of Fig. 68C as 
limits. For a given integrated output or plant factor, the average heat 
rate will then become a function of the load cycle. Thus, in Fig. 68B, 
six load cycles are shown, each of which will give the same integrated 
output corresponding to a plant factor of 50 per cent. The heat rates 
corresponding to each load cycle are shown by the numbered points of 
Fig. 68(7. 
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Load in per cent of capacity Per cent of total time Plant factor-per cent 

A B C 

Fig. 68. Effect of load cycle on station heat rate at a constant plant factor. 
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100 200 300 400 

System load-mw 

Fig. 69. Four methods of combining the operation of relatively low and high heat 

rate stations. 
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The significant point is that the slopes of the input-output curves of 
the form shown in Fig. 07 do not have any definite relationship to the 
slopes of the input-output curves plotted as functions of the instantane- 
ous loads generated, and, as has previously been demonstrated, only in- 
stantaneous incremental values will define the proper division of load 
between two or more stations at any instant. 

The effect of employing integrated input-output curves for load divi- 
sion purposes Is illustrated by the curves of Fig. 69, which demonstrate 
four possible ways of operating two stations, one of which, A, has a high 
heat rate, and the other, B, has a low heat rate. If system conditions per- 
mit, the cold shutdown of the less efficient station A so that all the load 
may be supplied by B would give the best overall economy as shown by 
curve 1. Another possibility is that it may be necessary to operate sta- 
tion A with banked boilers to supply capacity for emergency use, but 
without being required to generate any load. The combined heat rate 
under those conditions is represented by curve 2. If in addition to pro- 
viding boiler standby capacity it is necessary to provide spinning reserve 
at station A by operating one or more turbine-generators on the bus, 
then two alternatives are possible. One is to divide the load between the 
two stations incrementally giving overall performance as shown by curve 
3; the other is to operate station A at minimum load until after station B 
is operating at capacity output (which would follow from the use of the 
integrated input-output curves), resulting in the combined heat rate 
curve 4. Curves 3 and 4 therefore indicate the relative economies from 
load division based on instantaneous and average integrated input- 
output curves, respectively. 

Sequence of Adding Turbine-Generators 

When a system contains several large generating stations with many 
turbine-generator units, the problem of select ing the correct combination 
of units for a given system load resolves itself into two parts: 

1. Determination of the order in which units should be added to the 
line at each individual station, as the station load increases. 

2. Determination of the order in which units should be put in service 
throughout the system, as the system load increases. 

Since, at a given time, the same group of boilers will be used to supply 
steam to any combination of units in an individual station, the units 
should be added in the order of their relative efficiencies. Thus, as pre- 
viously stated, to determine the proper combination at a given station 
load, it is only necessary to plot the turbine heat rate curves of successive 
combinations and select the one which gives the lowest turbine input. 
When several stations are operating in parallel, units put on the line at 
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one station must get their steam from the boilers of that station; hence 
the total boiler input of the system must be taken as the criterion for 
adding units and not the total turbine input. Calculation of the system 
input for several combinations will be required before the proper one can 
be ascertained for the given system load. 

Computation of the system inputs for each of the numerous combina- 
tions, requiring a great deal of time and labor, can, however, be avoided 
by applying the following method: 

1. For each individual station, compute the station input-output or 
heat rate curves corresponding to the proper sequence of adding units. 



Fig. 70. Use of average heat rate curves to determine the sequence of adding turbine- 

generator units. 


2. Plot the curves of step 1, and draw an average curve through 
them. 

3. Compute and plot the average incremental rate curve correspond- 
ing to the average curve of step 2. On the incremental rate curve indi- 
cate the loads at which it is proper to add additional units. 

4. Divide the system load on the basis of the average incremental 
rate curves of step 3. The station loads so determined will indicate the 
combination of units that should be operated at each station. 

5. Redivide the system load using the actual incremental rate curves 
that correspond to the combinations determined under step 4. 

For the purpose of illustration, curves covering the first three steps 
are shown in Fig. 70 for two stations with three turbine-generator units 
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in each. The determination of the proper combination of units and the 
corresponding load division between the stations are shown in Table 
XXXIV, following the procedure outlined as steps 4 and 5 above. Since 

TABLE XXXIV 

Method of Determining Sequence for Adding Units on a System 

Load Division Using Average Load Division Using Actual 

Incremental Ileal Rate Curves Incremental Heat Rale Curves 


Load, Megawatts 

i 

Number of Units 
Indicated by Aver- 
age Incremental 
Heat Rate Curves 

Load, Megawatts 

Curves Used for 
Load Division 

Total 

Sta- 
tion A 

Sta- 
tion B 

Sta- 
tion A 

Sta- 
tion B 

Total 

Sta- 
tion A 

Sta- 
tion B 

Sta- 
tion A 

Sta- 
tion B 

100 

60 

40 

1 

1 

100 

60 

40 

A- 1 

£- 1 

125 

60 

65 

1 

1 

125 

65 

60 

A- 1 

£-1 

150 

60 

90 

1 

1 

150 

85 

65 

A- 1 

B- 1 

175 

60 

115 

1 

2 

175 

60 

115 

A- 1 

£- 2 

200 

60 

140 

1 

2 

200 

60 

140 

A-l 

£-2 

225 

60 

165 

1 

2 

225 

75 

150 

A- 1 

£-2 

250 

70 

180 

1 

3 

250 

70 

180 

A-l 

£- 3 

275 

95 

180 

1 

3 

275 

90 

185 

A- 1 

i £-3 

300 

115 

185 

1 

3 

300 

105 

195 

A- 1 

£-3 

325 

135 

190 

i 

3 

325 

120 

205 

A- 1 

£-3 

350 

155 

195 

2 

3 

350 

160 

190 

A- 2 

£-3 

375 

180 

195 

2 

3 

375 

175 

200 

A- 2 

£-3 

400 

200 

200 

2 

3 

400 

190 

210 

A- 2 

£-3 

425 

220 

205 

2 

3 

425 

210 

215 

A- 2 

£-3 

450 

240 

210 

2 

3 

450 

225 

220 

A -2 

£-3 

475 

260 1 

215 

3 

3 

475 

265 

210 1 

A-3 

£-3 

500 

280 

220 

3 

3 

500 

285 

215 

A- 3 

£-3 

525 

300 

225 

3 

3 

525 

300 

225 

A-3 

£-3 

550 

320 1 

230 

3 

3 

550 

320 

230 

A-3 

£-3 

575 

335 

240 

3 

3 

575 

335 

240 

A-3 

£-3 

000 

355 

245 

3 

3 

600 

350 

250 

A-3 

£-3 

625 

370 

255 

3 

3 

625 

370 

255 

A-3 

£-3 

650 

390 

260 

3 

3 

650 

390 

260 

A-3 

£-3 

670 

400 

270 

3 

3 

670 

400 

270 

A-3 

£-3 


the method is an approximate one it is of interest to determine the mag- 
nitude of error introduced by its use, if any. This is illustrated by Table 
XXXV for a combined load of 300 megawatts. Using every possible 
combination of turbine-generator units, the load division was determined 
from the incremental heat rate curves of Fig. 70, corresponding to the 
respective unit combinations. It is to be noted that, for this load, the 
least overall input is obtained for the combination of units indicated by 
the use of the average incremental heat rate curves of the respective sta- 
tions. Although this is not conclusive with respect to all values of sys- 
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tem load, experience with this method has shown that it will either indi- 
cate the exact combination of units that should be kept in service or else 
come so close thereto that the error involved will be a negligible factor. 

TABLE XXXV 

Effect of Turbine-Generator Combinations on Overall System Efficiency 


Units in Service 

Load, Megawatts 

Heat Rate 
Btu per Kw-hr 

Input, 

Million Btu per Hour 

Sta- 

Sta- 

Total 

Sta- 

Sta- 

Sta- 

Sta- 

Sta- 

Sta- 

Total 

tion A 

tion B 


tion A 

tion B 

tion A 

tion B 

tion A 

tion B 


1 

2 

300 

130 

170 

13,140 

12,000 

1,708 

2,040 

3,748 

1 

3 

300 

105 

195 

13,450 

11,950 

1,412 

2,330 

3,742 

2 

1 

300 

215 

85 

12,580 

13,000 

2,705 

1,105 

3,810 

2 

2 

300 

145 

155 

13,020 

12,020 

1,888 

1,863 

3,751 

2 

3 

300 

120 

180 

13,240 

12,000 

1,589 

2,160 

3,749 

3 

1 

300 

230 

70 

12,680 

13,250 

2,916 

928 

3,844 

3 

2 

300 

155 

145 

13,300 

12,100 

2,062 

1,755 

3,817 

3 

3 

300 

140 

160 

13,500 

12,150 

1,890 

1,944 

3,834 


Effect of Transmission-Line Losses 

v Economical division of load between two or more interconnected gen- 
erating stations, when the tie-line losses are negligible, becomes merely a 
problem of operating the stations at loads which correspond to the same 
incremental rate value. This is the prevailing condition for metropolitan 
areas served by stations located at the load centers. For stations inter- 
connected through lo ng high-t ensionjj^iciliead lines, the losses are appre- 
ciable, and the load-division procedure should be modified to take them 

Sending end station Receiving end station 



Fig. 71. Schematic diagram showing two generating stations connected by a 

transmission line. 

into account. The theoretical principles involved can be understood 
more readily by considering the simplest example of two generating sta- 
tions interconnected through a single transmission line. 

1 A tie line may be treated as a machine in that the energy supplied to 
the line at the sending end may be considered as the input and the energy 
obtained at the receiving end, as the output. Hence, if the energy at the 
sending end is plotted as a function of the energy at the receiving end of 
the line, the relation between the input and output is established. The 
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slope of this input-output curve becomes the transmission-line incremen- 
tal rate, and the reciprocal of the incremental rate is its incremental effi- 
ciency. 

Referring to the schematic diagram of Fig. 71, let the subscripts s 
and r designate the sending and receiving ends of the transmission line, 
respectively. Then let 


Dg and D r 

G a and G r 
I 8 and I r 

It 

Tg and T r 
R a and R r 


= loads in the areas served by the respective generat- 
ing stations (c onstants '). 

= loads generated by the stations. 

= inputs to the generating stations corresponding 
respectively to G 9 and G>. 

= combined input to both generating stations. 

= loads on the transmission line at the sending and 
receiving ends, respectively. 

= station incremental rates corresponding respec- 
tively to the loads G a and G r . 

= incremental efficiency of the transmission line 

= 

~ dTg 


/„ 7 r , Tg , and T r are assumed to be continuous functions with never- 
decreasing incremental rates. Then 


/* = /. + It 


Gg = Dg + Tg 

Gr = D r - Tr 

Let G s be the independent variable so that the conditions for mini- 
mum combined input to the two stations will be 


or 


Lut 


and 


dl t 

dGg 


0 


( dI i x d h\ 

\dG r dGJ 


d([, ± Ir ) = dh dj r = dla 

dG, dG, dG, dG, 

d h =R . d Jl = R 

dG, ” dGr 


dGr = d(Dr - Tr) = _ = _ 

dG. d(D, + T.) dT, “ 


[ 68 ] 

[69] 

m 

[71] 


since D, and D r are constants. 
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Substituting equations 70 and 71 in equation 69, 


R 8 - (R r x Bit) = 0 [72] 

or 

Rs = RrX E it [73] 

and 

Rr = R. X L [74] 

tit 

Equations 73 and 74 modify the general rule that stations should be 
operated at outputs corresponding to the same incremental rate value, in 
that a correction factor is included to compensate for the transmission- 
line losses. The correction factor is the incremental efficiency of the tie 
line corresponding to the load being transmitted and may be applied to 
the incremental rate of the station at either the receiving or the sending 
^end of the line. 

Load Division between Two Interconnected Stations 

To illustrate the application of equations 73 and 74, recourse will be 
had to the simple example of two interconnected generating stations 


TABLE XXXVI 

Sample Calculation Showing Method of Adjusting Incremental Heat 
Rates of Station A for Tie-Line Loads 


Tie 

Line 

Load 

Ta 

Demand in 
Area Served 
by Station 

D a 

Net 

Load 

Generated 

G a 

Actual Station 
Incremental 
Rate Ra 
Btu/Hr/Kw 

Tie-Line 

Incremental 

Efficiency 

Eu 

Adjusted Station 
Incremental 
Rate R' a 
Btu/Hr/Kw 

+100 

400 

500 

16,000 

0.800 

20,000 

+ 80 

400 

480 

15,230 

0.840 

18,130 

+ 60 

400 

460 

14,710 

0.880 

16,720 

+ 40 

400 

440 

14,280 

0.920 

15,520 

+ 20 

400 

420 

13,880 

0.960 

14,460 

0 

400 

400 

13,500 

1.000 

13,500 

- 20 

400 

380 

13,150 

0.958 

12,600 

- 40 

400 

360 

12,830 

0.916 

11,750 

- 60 

400 

340 

12,530 

0.871 

10,910 

- 80 

400 

320 

12,270 

0.825 

10,120 

- 90 

400 

310 

12,160 

0.800 

9,730 


When Ta is +, tie line feeds out. R' A = Ra X w~ 

Jbit 

When Ta is — , tie line feeds in. R' A = Ra X Eu 
All loads in megawatts. 


whose incremental rate curves are shown in Fig. 72 as those for station A 
and station B. The losses and incremental efficiencies of the tie line are 
shown respectively in Figs. 73 and 74. The incremental rate curves de- 
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termining the proper load division between the two stations are shown in 
Fig. 75. 

Since two stations are involved, adjustments for the tie-line losses 
may be made to the incremental rate curve of either station. Referring 
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Fia. 72. Incremental heat rate curves for interconnected stations. 

to the left-hand section of Fig. 75, the curve net represents the incremen- 
tal performance of station A adjusted for the line losses. It is to be noted 
that these are plotted with the local demand Da supplied by the station 
as the parameter. A sample calculation of one curve for the parameter 
Da = 400 is shown in Table XXXVI. Referring to this table, since ad- 
justments are made to the incremental rate curve for station A, the 
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numerical sign of the tie-line load indicates whether the station is receiv- 
ing energy from the line or supplying energy to it. This distinction is 
important with reference to the adjustment of the incremental rates of 



Tie line load-mw 

Fig. 73. Transmission line loss curve. 


the station. A plus sign designates that the station is supplying energy 
to the line, and the adjustment is made by dividing the station incre- 
mental rate by the incremental efficiency of the tie line corresponding 
to the load supplied to it. A minus sign designates that the station is 
receiving energy from the line, and the adjustment is made by multiplying 
the station incremental rate by the incremental efficiency of the tie lino. 



Tie line load-mw 


Fig. 74. Transmission line incremental efficiency curves. 


The right-hand section of Fig. 75 shows the incremental rate curve for 
station B, unadjusted for tie-line losses, which is the same as the corre- 
sponding curve in Fig. 72, and the incremental rate curves combining the 
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curve for station B with each of the adjusted curves for station A . The 
combined incremental rate curves are plotted against the total demands 



on both stations, again using Da , the local demand on station A, as the 
parameter. A sample calculation showing the derivation of the com- 
bined incremental rate curve for Da = 400 is shown in Table XXXVII, 
which is self-explanatory. 
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TABLE XXXVII 

Sample Calculation Showing Derivation of Combined Incremental 
Heat Rates for Stations A and B 


Incremental 
Heat Rate 
Btu/Hr/Kw 
R'a or Rb 

Net Loads Generated 

Demand 
in Area 
Served by 
Station A 

D a 

Tie- 

Line 

Load 

Ta 

Tie- 

Line 

Losses 

Lt 

Total Load 
Generated 
Ga + Gb 

Total 
Demand 
Da + Db 

Station A 

Ga 

Station B 

Gb 

20,000 

500 

500 

400 

+ 100 

10.0 

1,000 

990.0 

19,500 

496 

500 

400 

+ 96 

9.2 

996 

986.8 

19,000 

490 

500 

400 

+ 90 

8.1 

990 

981.9 

18,500 

484 

482 

400 

+ 84 

7.1 

966 

958.9 

18,000 

478 

463 

400 

+ 78 

6.1 

941 

934.9 

17,500 

472 

442 

400 

+ 72 

5.2 

914 

908.8 

17,000 

464 

419 

400 

+ 64 

4.1 

883 

878.9 

16,500 

457 

395 

400 

+ 57 

3.3 

852 

848.7 

16,000 

448 

368 

400 

+ 48 

2.3 

816 

813.7 

15,500 

440 

339 

400 

+ 40 J 

1.6 

779 

777.4 

15,000 

430 

309 

400 

+ 30 1 

0.9 

739 

738.2 

14,500 

420 

277 

400 

+ 20 

0.4 

697 

696.6 

14,000 

410 

242 

400 

+ 10 

0.1 

652 

651.9 

13,500 

400 

207 

400 

0 

0 

607 

607.0 

13,000 

389 

169 

400 

- 11 

0.1 

558 

557.9 

12,500 

378 

128 

400 

- 22 

0.5 

506 

505.5 

12,000 

366 

87 

400 

- 34 

1.2 

453 

451.8 

11,500 

354 

44 

400 

- 46 

2.3 

398 1 

395.7 


D a + D b = G a +G b - L r ■ Tie line feeding out ,T a is +. 

lie line feeding in, 7 .4 is — . 
All loads in megawatts. 


TABLE XXXVIII 

Data for Examples Shown in Fig. 75 


Megawatts 



Example 1 

Example 2 

Dt 

650 

500 

Da 

300 

400 

D b 

350 

100 

Gb 

292 

124 

Ga 

362 

377 

Ta 

(362 - 300) +62 

(400 - 377) —23 

T b 

(350 - 292) -58 

(124 - 100) +24 

Lt 

(62 - 58) 4 

(24 - 23) 1 
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Two examples illustrating the use of the curves of Fig. 75 are indi- 
cated in this figure; the conditions upon which these examples are based 
are given in Table XXXVIII. In example 1, the diagram is entered at 
point 1. At point 2 the incremental rate is indicated, the value of which 
corresponds both to the adjusted value for station A and the actual 
value for station B. The intersections of the curves of stations B and A 
at points 3 and 4, respectively, with the horizontal line at this incremen- 
tal rate value, determine the loads that should be generated by the 
respective stations. 

Similarly, for example 2, the diagram of Fig. 75 is entered at point 5 
ami the respective station loads determined at points 7 and 8. 

Load Division between More than Two Interconnected Stations 

When the interconnection consists of more than two stations, an exact 
solution requires the computation of a very large number of curves in- 
volving a prohibitive amount of labor. An approximate method, how- 
ever, gives results in very close agreement with those obtained by an 
exact solution. Briefly, the method involves three steps: 

1. Determination of the load division neglecting line losses. 

2. Approximation of the line losses. 

3. Redivision of the load increased by the approximate line losses. 

TABLE XXXIX 


Example Ilh ktratino the Use ok Fig. 76 


Station 

Demand in 
Area Served 
by Station 

Step 1 

Step 2 

Net Load 
Generated 

Tic-Line 

Load 

Tie-Line 

Losses 

Net Load 
Generated 

Tie-Line 

Load 

Tie-Line 

Losses 


a) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

A 

300 

355 

+55 

3.1 

357 

+57 

3.3 

B 

200 

222 

+22 

0.5 

224 

+24 

0.6 

C 

400 

395 

- 5 

0 

396 

- 4 

0 

D 

400 

328 

-72 

6.0 

332 

-68 

5.4 

Totals 

1,300 

1,300 

j 

9.6 

1,309 


9.3 


Column 1. The demands in the areas served are known. 

2. The total demand is divided neglecting line losses. The station loads are obtained from 
points 1 to 4, inclusive, on line A-A. The position of line .l-.l is determined by cut- 
and-try method so that the sum of the station loads equals 1,300. 

3. The tie-line loads are approximate. Positive flow is toward the common point V. 

4. The line losses are obtained from Fig. 73. 

5. The station loads are determined from points 5 to 8, inclusive, on lino B-B , the position 
of which is determined by cut-and-try method until the sum of the station loads equals 
1,309. 

6. Revised tie-line loads. 

7. Tie-line losses corresponding to revised tie-line loads. 

All loads in megawatts. 
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Application of this method to a hypothetical interconnection consist- 
ing of four stations is illustrated by Fig. 76 and Tables XXXIX and XL. 



For the sake of simplicity, the stations were assumed to be of equal capac- 
ity, and interconnected as shown in Fig. 76. The incremental rate curves 
for the respective stations are shown in Fig. 72. The tie-line losses and 
incremental efficiencies, shown respectively in Figs. 74 and 75, were 



Example Illustrating the Use of Fig. 
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o 


Step 3 

Tie-Line 

Losses 

(10) 

7.4 

0.2 

1.1 

10.0 

18.7 

Tie-Line 

Load 

(O O ’J 1 o 

^ 00 — 1 CO 05 

Oi 

w + 1 + 1 


Net Load 
Generated 

(8) 

286 

288 

334 

410 

GO 

CO 

<N 

a 

o 

CO 

Tie-Line 

Losses 

(7) 

6.4 

0.3 

0.8 

10.0 

17.5 

Tie-Line 

Load 

O 00 00 © 

^ O0 H ^ C5 

s + 1 + 1 


Net Load 
Generated 

(5) 

280 

282 

328 

410 

1,300 


o 

.£ 1 
| "? i 

•- hJ 



Step 1 

Tie-Line 

Load 

<£> -TO 

O O Tt< '-T 

CO — ' 

w + +1 


Net Load 
Generated 

(2) 

296 

300 

344 

360 


Demand in 
Area Served 
by Station 

(1) 

200 

300 

300 

500 

1,300 

Station 

A 

B 

C 

D 

Totals 


2 


2 a 


.S CO 


r 

CO 


5 


.3 .2 8 
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assumed to apply for each section of the interconnection between each 
station and the common point at N of Fig. 76. 

Since four stations are involved, the incremental rates of three sta- 
tions, A y By and C, must be adjusted, and these are shown in Fig. 76 
plotted with the respective local demands as parameters. The incremen- 
tal rate curve of station D is shown as unadjusted for tie-line losses. 

In Table XXXIX the final load division corresponds to a total de- 
mand of 1,299.7 megawatts compared with the actual demand of 1,300 
megawatts; in Table XL the demand corresponding to the load division 
is 1,299.3 megawatts compared with 1,300 megawatts. In both, the dif- 
ferences are negligible for all practical purposes and well within the 
accuracy of the metering facilities and the accuracy with which the 
performance curves of the generating stations can be established. 

Incremental Tie-Line Losses 

In considering the transmission-line losses, it was assumed that these 
could be presented graphically as a function of the load at either the 
sending or receiving end of the line. Actually, for a given load at either 
end of the line, the losses will be a function of the power factor. In addi- 
tion to the line losses, consideration must be given to the losses of trans- 
formers forming part of the transmission circuit, and to the losses of syn- 
chronous condensers when in operation. These may be grouped with the 
line losses to constitute the total losses. 

Only the I 2 R losses need be considered. The resistance R is fixed by 
design so that the losses are a function of the square of the current, I 2 . 
For short transmission lines, say less than 40 miles, the charging current 
of the line may be neglected, so that the current at the receiving and at 
the sending end may be considered to be the same in value. By reason of 
this assumption, a simple relationship can be established between the line 
losses, incremental line losses, and incremental rate or incremental effi- 
ciency of a short transmission line, the derivation of which follows: 

Let R = line resistance per wire, in ohms. 

I = line current, in amperes. 

kva = total three-phase transmitted kilovolt-amperes. 

kw = total three-phase transmitted energy (T r ). 

kvar = total three-phase transmitted reactive kilovolt-amperes. 

kv = line voltage, in kilovolts. 

P.F. = power factor of the transmitted energy. 

Tl = total three-phase line losses, in kilowatts. 

Tta = three-phase line losses due to transmitted energy (T r ), in 
kilowatts. 
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From equation 78 the line losses can be plotted as a function of the 
total kilovolt-amperes transmitted. The component of line losses due to 
the energy transmitted can be plotted as a function of the kilowatts 
from equation 81, and similarly the component of line losses due to the 
reactive kilovolt-amperes transmitted can be plotted as a function of the 
reactive kilovolt-amperes from equation 82. The total losses Tl and 
each of the component losses T^a and Tl t c<*n he represented by a single 
curve by plotting the losses against a common abscissa scale. This is 
illustrated in Fig. 77 A for a 66-kv line having a resistance of 5.70 ohms 
per phase. For a transmitted load of 16,000 kw at 0.8 P.F., the calcu- 
lated losses from equations 78, 81, and 82 would be as follows: 
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kw — 16,000 
P.F. = 0.8 


kva 


16,000 

0.8 


= 20,000 


kvar = 20,000 X 0.6 = 12,000 


or 


K 


5.70 


= 131 X 10~ 8 


1,000(66) 2 
T l = 131 X 1 O' 8 (20 ,000) 2 = 524 kw 
T La = 131 X 10 _8 (16,000) 2 = 335 kw 
Tlt = 131 X 10~ 8 (12,000) 2 = 189 kw 

T l = r La + T Lt = 335 + 189 = 524 kw 


The above losses can be obtained directly from the curve of Fig. 77i4 
by the use of the proper abscissa values. 



Fig. 77. A. Transmission line losses. B. Transmission line incremental losses. 


For long transmission lines, say more than 40 miles, the above pro- 
cedure should not be applied, for, by neglecting the effect of the charging 
current, an appreciable error may be introduced. 



INCREMENTAL TIE-LINE LOSSES 165 


With the line losses established, the relationship between the loads 
at the sending and receiving ends of the line becomes 


But 


also 


and 


so that 


Therefore 


T. = T r + T l 

[84] 

Ru ~ dl\ ~ 1 + dTr 

[85] 

dTl ova. 

dT, - 2K{ba) dr; 

[86] 


kva ~ 


Tr 

P.F. 


d(kva) 

(lT r 


” -*■{<%> 


(P.F.) 2 


R it = 1 + 2 K 


T r 

P.F. 


P.F. - Tr 


d( P.F.) 
dTr 


(P.F.) 


[87] 


Equation 87 defines the incremental rate of the transmission line, Ru, 
as a function of the transmitted load T r , the power factor P.F., and the 
rate of change of the power factor d(P.F. )/dTV with respect to the 
transmitted load. This equation applies to any transmission line, and 
for its application it is necessary to establish the power factor and rate of 
change of the power factor as a function of the transmitted load T r . If 
the power factor is plotted as a function of the transmitted load, then 
d(P.F.)/dT r is the slope of this curve. 

If energy is transmitted at constant power jfietsr, then 

d(kva) _ 1 

d.T\ = RF. 

and 

Ru — 1 + 2/C X (p y ) 2 ] 


[ 88 ] 

[89] 


Equation 89 can readily be applied to establish the transmission-line 
incremental rate curve for any given power factor. To facilitate the cal- 
culations, the incremental line losses should be established as a function 
of the transmitted load at unity power factor. This is illustrated in Fig. 
77 B for the same line represented by the curve of Fig. 77.A. It is t6 be 
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noted that the incremental line losses will plot as a straight line passing 
through the origin. Hence it is necessary to compute only one point. To 
illustrate the use of Fig. 77, consider the following example: 

Transmitted load ( T r ) 16,000 kw 

Power factor of transmitted load 0.80 

Total kva transmitted (16,000 -f- 0.8) 20,000 kva 

Total line losses from Fig. 77 A (d 20,000 kva 524 kw 

Load at sending end of the line (16,000 + 524) 16,524 kw 

Incremental line losses at unity power factor from Fig. 77 B for 
T r = 16,000 kw 0.0419 

Incremental line losses at 0.80 power factor [0.0419 -£■ (0. 80) 2 ]r 0.0655 
Incremental rate of transmission line (1 -f 0.0655) 1.0655 

Incremental efficiency of transmission line (1 -s- 1.0655) 0.939 

"1/Oad Division between Hydroelectric Units 

The fundamentals of economy loading apply to hydro as well as to 
steam plants. Hydro plants require no steam-generating equipment or 



2,000 


4,000 


6,000 8,000 10,000 
Station output, Kilowatts 


12,000 


14,000 


Fig. 78. Performance curves for a low-head hydroelectric power plant. 


steam condensers. Production costs are lower since fuel costs are elimi- 
nated and the requirements for operating labor and maintenance are con- 
siderably reduced. 

According to E. B. Strowger, 1 hydro plants may be classified with re- 
spect to the head at which the plants operate. Figure 78 illustrates the 
performance of a plant operating at a head which varies from 16 to 22 
feet. The units in a station operating at such low heads are generally 
provided with individual penstocks and the station is built integral with 

1 “How We Raise Hydro Efficiency” by E. B. Strowger, Electrical World , April 

14, 1934. 
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the dam. It is to be noted that, for this type of plant, improvement in 
efficiency is obtained as units are added to those already in operation for 
the reason that the leakage loss in the standby units Is either reduced or 
eliminated. 

The curves of Fig. 79 are typical for a plant operating at relatively 
high heads. The plant is supplied with water through a long pipe line 
introducing a conduit loss or loss of head available to the turbines which 
varies as the square of the velocity. As additional units are added, the 



Fig. 79. Performance curves for a high-head hydroelectric power plant. 

leakage loss is reduced but the conduit loss is increased, so that a point is 
reached where the increased conduit loss is more than enough to offset 
the gain due to the decrease in leakage loss. Hence, as shown by the 
curves of Fig. 79, utilization of the water at the highest efficiency is ob- 
tained at this plant when only two units are in operation. 

If the performance characteristics of the several units in a station 
differ, the proper load division should be incrementally determined. 
Figure 80 illustrates typical performance curves for a hydro unit. 
These are plotted as functions of the generator output, and they 
include : 

1 . The efficiency curve which indicates the kilowatt load developed 
per cubic foot per second flow. 

2. The input-output curve which indicates the total rate of flow in 
cubic feet per second. 

3. The incremental rate curve which indicates the^ change in the rate 
of flow required per kilowatt change in load. 
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Load Division between Steam and Hydro Plants 

When a system consists entirely of hydro plants, the efficient utiliza- 
tion of the water is not relatively important, unless the supply is limited 
with respect to requirements or there is an unlimited market for the 
energy which can be produced. In a combination of steam and hydro 
plants, the hydro plants should be operated to obtain the best utilization 
of the available water. This does not necessarily imply the most efficient 
operation of the hydro equipment, but such use as will result in the least 
overall production costs, taking into account the effect of hydro genera- 
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tion on the production costs of the steam plant. In other words, hydro 
generation should not be favored at the expense of steam generation. 

Each system will undoubtedly have problems which are peculiar to 
that system;* Jhe reader is referred to an article by Estrada and Finlaw 1 
which describes how efficient utilization of hydro capacity is obtained for 
the particular conditions prevailing in the Philadelphia Electric Com- 
pany system 3 

Since there are no fuel costs in the production of hydroelectric 
energy, incremental energy can be supplied by a hydro plant at prac- 
tically no incremental cost. It follows, therefore, that, with respect to 
load allocation between steam and hydro plants, the generation at the 
steam plants should be displaced by available generation at the hydro 
plants, so that the maximum decrement production costs will obtain at 
the steam plants. The extent to which this can be accomplished depends 
on the nature of the daily load curve for the system, the type of hydro 
plants, and the available water. Hydro plants may be operated to sup- 
ply the system base load, peak load, or both. In a run-of-river plant, the 
flow of the river must be utilized as it comes, so that this plant would 
normally supply the system base load v Plants with storage or pondage 
facilities may be operated to supply either base or peak load, depending 
onflow the flow may best be utilized. 

To illustrate how the system load should be allocated properly be- 
tween steam and hydro plants, a hypothetical system will be assumed 
consisting of three plants of which one is steam and two are hydro. The 
steam plant consists of two units with a capacity of 25 megawatts each; a 
run-of-river hydro plant consists of three units rated at 20 megawatts 
each; and a reservoir plant of two units rated at 15 megawatts each. 
The daily load cycle of the system is represented by the curve of Fig. 81 A. 
The run-of-river plant can develop 40 megawatts of load continuously 
from the available stream flow. The reservoir plant can develop 47 
megawatt-hours per day from the available storage. 

The block of system load which each plant should supply is indicated 
by the respective cross-hatched areas under the load curve of Fig. 81^4. 
These were obtained by using the energy-load curve of Fig. 812?, derived 
from the load curve of Fig. 81 A, which indicates the instantaneous de- 
mand as a function of the time of day. Hence the total area under the 
daily load curve represents the total energy corresponding to the instan- 
taneous demands during the 24-hour period. The energy-load curve 
shows the relation between a given demand and tbe energy corresponding 
thereto. Thus point 1 on the energy-load curve indicates an energy value 

1 “Allocation of Loads to Conowingo Hydro Station ” by Herbert Estrada and 
John Finlaw, Electrical World , May 12, 1934. 
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which corresponds to the area of block A under the daily load curve; 
point 2 corresponds to the combined areas of blocks A and B; and point 
3 corresponds to the entire area under the daily load curve. 

Since the energy available from the reservoir plant is limited, it can 
best be utilized to carry the system peak load. The energy requirement 
of the system is 1,480 megawatt-hours, of which 47 megawatt-hours is to 





Fig. 81. Load distribution among one steam and two hydroelectric power plants. 

be supplied by the reservoir plants The remaining two plants must 
therefore supply 1,480 — 47 or 1,433 megawatt-hours. This value corre- 
sponds to point 2 on the energy-load curve, which locates the base of 
block C under the daily load curve at a value corresponding to a demand 
of 80 megawatts, so that the reservoir plant is operated to supply all 
loads in excess of a system load of 80 megawatts# 

The run-of-river plant, not being provided with storage facilities, 
must utilize the stream flow as it comes; otherwise the energy available 
therefrom will be wasted* Hence this plant should provide the system 
base load of 40 megawatts which is represented by point 1 on the energy- 
load curve and fixes the boundaries of block A under the daily load curve. 
It is to be noted, however, that the system demand is less than that avail- 
able from the stream flow from midnight to approximately 6:30 a.m., so 
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that the energy corresponding to block D would be wasted unless an 
interconnection were available for transmission to some other system. 

The steam plant would then supply the remainder of the system load 
represented by the area of block B, this being equivalent to the difference 
between the values at points 1 and 2 on the energy-load curve. The load 
curve of the steam plant is shown in Fig. 81(7. It is seen that this plant, 
with two units in service, would operate at loads ranging from 35 to 40 
megawatts, which are at or near the most efficient point of its correspond- 
ing heat rate curve shown in Fig. 81/J. 

The statistics relating to the operation of the three plants are shown 
in Table XLI. 


TABLE XLI 


Summary of Operating Data for System Shown in Fig. 81 



Steam 

Hydro Plants 

Total 


Plant 

Run of River 

Reservoir 

System 

Generation, mw-hr 

535 

898 

47 

1,480 

Maximum demand, mw 

40 

40 

20 

100 

Total service hours 

17.6 

24 

4.3 

24 

Load factor, per cent 

76.0 

93.6 

54.6 

61.7 

Limits of system load supplied, mw 

40-80 1 

0-40 

80-100 
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MISCELLANEOUS APPLICATIONS 
Industrial Turbine-Generators 

Industrial turbine-generators embrace a variety of types. Under a 
broad classification they may be designated as condensing or non- 
condensing, the latter being referred to as back-pressure turbines. If 
steam is extracted at one or more points the turbine is classed as an ex- 
traction or bleeder-type turbine. Extraction turbines may be further 
classified as automatic or non-automatic. In the automatic ones 
the extracted steam is maintained at constant pressure; in the non- 
automatic, the extraction pressure (above exhaust) varies in approxi- 
mately direct proportion to the quantity of steam flowing past the point 
of extraction. In addition to the above, there is the mixed-pressure tur- 
bine which is designed for the admission of steam at reduced pressures 
to one or more lower stages. 

Regardless of the type of turbines involved, the principles of load 
division to be applied are the same. Essentially, the problem involves 
the division of the electric load and quantity of steam extracted from the 
respective turbines in such a manner that the total heat input to all 
machines combined will be at a minimum. The use of incremental rates 
to obtain this objective is illustrated for two condensing units with 
automatic extraction at one point, the performance curves of which are 
shown in Fig. 82 . 

Referring to Fig. 82 , it is to be noted that the heat supplied by the 
boilers to the units is plotted as a function of the generator load with the 
total heat in the steam extracted as the parameter. The use of the 
curves in this form will require an additional calculation for the conver- 
sion of the boiler output and turbine extraction from heat units to flow 
in pounds per hour. The steam generated per hour is obtained by divid- 
ing the boiler output, expressed in Btu per hour, by the difference be- 
tween the enthalpies of the steam leaving and the feedwater entering the 
boiler. The steam extracted per hour is obtained by dividing the total 
heat in the extraction steam by its enthalpy. 

The problem of load division for these units involves the determina- 
tion of how much electric generation and extraction should be assigned 
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Fig. 82. Performance curves for two extraction turbine-generator units. 


to each. Since the amount of extraction is independent of the amount of 
electric generation, the minimum boiler output for both units combined 
will be obtained when 


dOg dO b 
dLg dLb 


[90] 


and 


dOg _ dOb 
MZg ~ dE b 


[91] 


where L a and Lb = electric loads on units A and B , respectively, in 
kilowatts. 

E a and Eb = extraction from units A and B y respectively, in Btu 
per hour. 

0 a and Ob = total boiler output chargeable to units A and B y 
respectively, in Btu per hour. 

Let 0 = total boiler output chargeable to both units, in Btu per hour. 

L = total electric load on both units, in kilowatts. 

E — total extraction from both units, in Btu per hour. 
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0 = O a + O b 
L = L a 4 - Li 


E = E a + Eb 

0 will be a minimum when 


do = £^ + £<*.-0 

oL a ujuq 


This means that dO/dL a = 0 and dO/dE a = 0, hence 


dO a dOb _ dO a dOb ^ dLb 
dL a dL a dL a ^Lb dL a 


But 

u = 

L - 

so 

dLb 

: -1 


dLa 

and 

dO a 

dOb 


1 

1 

dLb 

or 

dOa _ 

dOb 


dL a 

dLb 


[ 1 ) 0 ] 


Equation 91 can be demonstrated in a similar fashion. 

TABLE XLII 

Incremental Loading of Two Indi strial Turbink-Oenerators 


Extraction, Million Btu per Hour 


Total 

Unit A 

Unit B 

10 

5.5 

4.5 

20 

10.5 

9.5 

30 

16. 0 

14.0 

40 

21.0 

19.0 

50 

27.0 

23.0 

60 

32.0 

28.0 

70 

38.0 

32.0 

80 

43.0 

37.0 

90 

49.0 

41.0 

100 

55.0 

i 45.0 

110 

61.0 

49.0 

120 

67.0 

53.0 

130 

73.0 

57.0 

139 

79.0 

60.0 

145 

85.0 

60.0 

150 

90.0 

60.0 


Electric Generation, Kw 


Total 

Unit A 

Unit B 

1,000 

600 

400 

1,500 

1,100 

400 

2,000 

1,600 

400 

2,500 

1,800 

700 

3,000 

2,040 

960 

3,500 

2,300 

1,200 

4,000 

2,550 

1,450 

4,500 

2,820 

1,680 

4,850 

3,000 

1,850 

5,000 

* 

3,000 

2,000 
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The incremental rates for the components of boiler output chargeable 
to electric generation and extraction are shown for the two units in ques- 
tion in Fig. 83, from which the division of the total electric loads and ex- 
tractions can be obtained in the manner previously described. This is 
shown in Table XLTI. 



A 



B 

Fig. 83. A. Extraction incremental rate curves for the units of Fig. 82. B. Electric 
incremental rate curves for the units of Fig. 82. 

It is of interest to note that the curves of Fig. 82 are parallel or very 
nearly so. This means that the slope of each curve for any value of load 
is the same and therefore independent of the quantity of extraction 
steam, thereby accounting for the fact that a single incremental rate 
curve is shown for each unit in Fig. 83 B. If the boiler output is plotted 
as a function of the heat in the extraction steam, with the electric load 
as the parameter, a similar relation is obtained, so that a single incremen- 
tal rate curve is obtained which is independent of the electric load, as 
shown in Fig. 83 A. For the type of units under consideration it will 
generally be possible to establish single incremental rate curves without 
appreciable impairment of accuracy, thus simplifying the incremental 
loading of the units. 
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When the input-output curves are parallel, the boiler output may be 
considered to be divided into two components, one due to the electric 
load and the other to the extraction steam. For example, referring to the 
curves for unit A in Fig. 82, at a load of 1,800 kw and extraction of 20 
million Btu per hour, the boiler output is 35 million Btu per hour. For 
the same electric load without extraction, the boiler output would be 21 
million Btu per hour. Hence, the effect of the extraction is to increase 
the boiler output by 14 million Btu per hour, so that 

Component of boiler output for electric generation = 21 X 10 8 Btu per hour 

Component of boiler output for extraction = 14 X 10 6 

Total boiler output 35 X 10 8 Btu per hour 

For this situation equations 90 and 91 can be replaced respectively by 


and 


dOLa 

dOLb 

[92] 

dL a 

dhb 

dOEa 

dOEb 

[93] 

dEa 

~dE b 


where and = boiler outputs chargeable to the electric loads L a 
and L b , respectively, in Btu per hour. 

Oeg and Ogb = boiler outputs chargeable to the extractions E a 
and E b j respectively, in Btu per hour. 


It is common practice to establish the performance of extraction tur- 


bines in the form shown in Fig. 



Generator load-kw 


Fig. 84. Throttle flow vs. generator 
load for different quantities of extrac- 
tion steam. 


. The use of these curves as a basis 
of loading the units is not recom- 
mended, because they do not take 
into account any differences in the 
enthalpies of the steam, especially in 
the extraction steam. However, if 
their use will give results with ac- 
ceptable accuracy, further simplifica- 
tion is obtained. This follows from 
the fact that the throttle-flow curves 
are generally represented as parallel 
straight-line functions. Since the 
slope of a straight line is constant, 
the incremental rates will have con- 
stant values. There is then no need 


to plot incremental rate curves similar to those of Fig. 83, and the units 


are brought up to maximum load and maximum extraction in ascending 


order of their respective incremental rate values. 
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If performance curves similar to those of Fig. 84 are used, corrections 
should be applied for auxiliary steam consumption and requirements for 
heating the boiler feedwater. This adjustment is unnecessary if the per- 
formance curves are established in the form shown in Fig. 82. 

There are some definite limitations to the incremental loading of 
extraction units which require consideration. All turbines require a cer- 
tain minimum steam flow to exhaust to prevent excessive temperatures 
in the lower stages beyond the point of extraction. This may limit the 
quantity of steam that can be extracted. 

In Fig. 82, the loci of minimum flow to the turbine exhausts are indi- 
cated. How this condition may limit the incremental loading of the units 
is illustrated by the following example. 

Assume a total electric load of 3,500 kilowatts with extraction steam 
requirements of 117 million Btu per hour. Using the curves of Fig. 83, 
the incremental loading would be as follows: 


Unit A Unit B Total 
Electric load, kw 2,300 1,200 3,500 

Extraction, 10 s Btu per hour 05 52 117 

By inspection of the curves of Fig. 82 it is seen that the combination of 
electric load and extraction steam for unit A is permissible in that there 
would be a flow to the turbine exhaust in excess of the minimum require- 
ment. The combination for unit B is not permissible. With an electric 
load of 1,200 kilowatts on this unit, the maximum permissible boiler out- 
put is 50 million Btu per hour, this value being obtained from the locus 
of minimum flow to the turbine exhaust. By interpolation the maximum 
permissible extraction is only 46 million Btu per hour. The incremental 
loading must therefore be modified to maintain the required minimum 
flow to the exhaust of unit /?, which can be done in two ways. 

First, divide the electric load incrementally and adjust the quantities 
of extraction as follows: 



Unit A 

Unit B 

Total 

Electric load, kw 

2,300 

1,200 

3,500 

Extraction, 10 6 Btu per hour 

71 

46 

117 

Boiler output, 10 6 Btu per hour 

79.23 

50.00 

129.23 


Second, divide the extraction incrementally and adjust the electric 
loads as follows : 



Unit A 

Unit B 

Total 

Extraction, 10 6 Btu per hour 

65 

52 

117 

Electric load, kw 

2,180 

1,320 

3,500 

Boiler output, 10® Btu per hour 

73.11 

56.00 

129.11 
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The exact minimum, which will correspond to a loading combination 
in between these two, is difficult to determine in practice, but an average 
of the two loadings indicated will be sufficiently close. 

Superimposed Turbine-Generators 

The modernization of plants, operating at pressures ranging from 
200 to 300 pounds per square inch, by superimposing a high-pressure, 
high-temperature turbine-generator exhausting into existing steam 
headers, has resulted in new problems of load division. This is especially 
true when part or all of the steam from the exhaust of the superimposed 
turbine is used for district heating. In several large metropolitan areas, 
where utilities supply both electric energy and steam for district heating, 
the original source of supply for the electric load was from one or more 
steam-electric plants, while steam for district heating was supplied from 
one or more steam-generating plants, each group of plants operating in- 
dependently of the other. 

Superposition in the electric plant, with provisions for utilizing steam 
from the exhaust of the high-pressure turbine for district heating, effects 
a reduction in the production costs to supply both the steam and electric 
loads. In addition it provides capacity for both the steam and electric 
loads and reduces the reserve requirements for the combined loads by 
reason of the diversity in time of occurrence of the respective steam and 
electric peak demands, thereby reducing the capital investment required. 

The net effect of superposition under these circumstances is to parallel 
the electric and steam plants through the superimposed units, creating 
the problem of load division among these plants. With respect to the 
superimposed unit, the problem is to determine the proper allocation of 
the exhaust steam for electric generation by the low-pressure units which 
it normally supplies, and for district heating. For this purpose it is essen- 
tial to understand what constitutes the incremental rate of the electric 
energy obtained from the exhaust steam, and the incremental rate of the 
exhaust steam to the street. 

Figure 85 shows a heat balance for a typical superposed installation 
with provision for supplying steam to the street. The input-output 
curves for this installation with the corresponding steam and electric in- 
cremental rate curves are shown in Fig. 86. The incremental heat rate 
chargeable to the street steam depends on how this steam is supplied. 
With maximum steam flow through the topping unit, steam can be deliv- 
ered to the street only by being diverted from the throttles of the topped 
turbines. This effects a reduction in the electric generation by these tur- 
bines and a corresponding increase in generation by other electric plants 
in the system or by the units in the same plant supplied with steam 
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from low-pressure boilers. The input to the high-pressure boilers sup- 
plying steam to the topping unit is not changed, and hence the incremen- 
tal rate chargeable to the street steam supplied from the exhaust of the 
topping turbine is measured by the rate of increase in input to the elec- 
tric plants whose electric generation has thereby been increased. 


Flow diagram 



Fig. 85. Flow diagram for a high-pressure topping installation designed to supply 

steam for district heating. 


With less than maximum steam flow through the topping turbine, 
street steam can be supplied from the exhaust of that unit in the follow- 
ing ways. 

1. Steam can be diverted from the throttles of the topped turbines 
with a transfer of generation from these units to other stations, as de- 
scribed above. 

2. Electric generation can be transferred from the topped units to the 
topping unit in amount sufficient to increase the steam flow through this 
unit to provide the desired quantity of street steam. The combined elec- 
tric generation remains unchanged, but the input to the high-pressure 
boilers is increased, and this increase is chargeable to the street steam. 

3. Electric generation can be transferred from other stations to the 
topping unit. In this instance the generation of the topped units is un- 
changed. The steam flow through the topping unit is increased to supply 
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the street steam, thereby increasing the high-pressure boiler input. The 
input chargeable to the street steam is the differential between the in- 
crease in input to the high-pressure boilers and the decrease in input to 
those electric plants from which the generation was transferred to the 
topping unit. 

The incremental rate curves for street steam and the electric genera- 
tion can be derived from the input-output data shown in Fig. 86 A. 



Load- megawatts 
A 


Steam 



L 1 I I I I I — 

0 50 100 150 200 250 300 

Steam to street-1,000 lb per hour 
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m 10,000 
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a> 

2 9,500 


i 9,000 


Steam to street-1,000 lb per hour 
Electric 300 200 100 _ 0 
incremental rate i 
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Load- megawatts 

B 


Fia. 86. Performance curves for a high-pressure topping unit supplying exhaust 
steam for district heating and electric generation. 


The electric incremental rate curves shown in Fig. 86 B are plotted with 
the street steam as the parameter. These indicate the incremental rate 
for any change in electric generation for any quantity of steam supplied 
to the street. Likewise, the incremental rate curves for the street steam, 
shown in Fig. 86C, are plotted with the electric generation as the parame- 
ter. Certain physical limits are to be noted on the curves with respect 
to the amount of electric generation and the quantity of steam that can 
be supplied to the street simultaneously. For example, referring to Fig. 
86 A, with maximum steam flow through the topping unit, in order to 
supply 300,000 pounds of steam per hour to the street, the electric genera- 
tion would be limited to a maximum value of 80 megawatts. To increase 
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the electric generation would require a decrease in the quantity of steam 
to the street. Thus if the generation is increased to 90 megawatts, the 
street steam would have to be decreased to 200,000 pounds per hour. 
Furthermore, for any quantity of steam to the street, there is a mini- 
mum value of electric generation. For example, when 300,000 pounds 
of steam per hour is supplied to the street, the electric generation cannot 
be less than 48 megawatts. 

The method for dividing a combined steam and electric load incre- 
mentally among three stations is illustrated in Fig. 87. Station A is an 
electric plant with a superposed installation which permits the supply of 
street steam from the exhaust of the topping turbine. The performance 
characteristics of this installation are indicated by the curves of Fig. 86. 
Station B is an electric plant without facilities for supplying street steam. 
Its incremental heat rate curve is shown in Fig. 87A. Station C is a 
steam plant capable of supplying street steam only. Its incremental rate 
curve is shown in Fig. 87 B. 

Since the steam and electric loads are independent variables, the 
curves of Fig. 87 A may be used to determine the electric loading. From 
these it is seen that station A should be base loaded; i.e., until station A is 
operated at full load, station B will be operated at its minimum load. 
Thereafter, station B will supply any increment of system load. With 
the electric load division established, it is then possible to establish the 
steam incremental rates for station A with the system electric load as the 
parameter as shown by the curve net at the left of Fig. 87 B. It must be 
remembered, however, that when station A is operating at full load elec- 
trically steam can be supplied to the street only by reducing the electric 
output of this station and increasing the output of station B by a corre- 
sponding amount. To illustrate, assume a total system load of 260 mega- 
watts. From Fig. 87A the load division would be 110 megawatts on sta- 
tion A and 150 megawatts on station B . Suppose that it is desired to 
supply 50,000 pounds of steam per hour to the street from station A. 
It would then be necessary to reduce the electric load on station A to 105 
megawatts and to increase the load on station B to 155 megawatts. The 
incremental load of 5 megawatts can be supplied from station B at an 
average incremental rate value of 11,800 Btu per kilowatt-hour, obtained 
from the curve for station B in Fig. 87 A. The incremental input is then 
5,000 kilowatts X 11,800 Btu per kilowatt-hour or 59 X 10 6 Btu per 
hour, and the steam incremental rate, average for the block of 50,000 
pounds per hour, is 59 X 10 6 Btu per hour 50,000 pounds per hour or 
1,180 Btu per pound. By the same procedure for other values of street 
steam, sufficient points are calculated to establish the curve for a system 
electric load of 260 megawatts. 
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The steam incremental rate curves for stations A and C combined are 
shown by the curve net at the right of Fig. 87 B. These are obtained in 
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the usual manner by combining the curve for station C with each curve 
for station A. 

To illustrate the use of the curves of Fig. 87, assume a system electric 
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load of 360 megawatts and a steam load of 990,000 pounds per hour. 
The load division would then be as follows: 

Station ABC System 

Steam load, 1,000 lb per hour 160 0 830 990 

Electric load, mw 94 266 0 360 

The above are obtained by entering Fig. 87 B at point 1, which corre- 
sponds to the system steam demand of 990,000 pounds per hour. Point 
2 on the curve corresponding to the system electric load indicates the 
steam incremental rate at which stations A and C should be operating. 
Point 3 indicates the load on station C, and point 4 the steam load on sta- 
tion A . The electric load on station A is indicated by point 5. The elec- 
tric load on station B is then obtained as the difference between the sys- 
tem electric load and that supplied from station A. 

Billing Priorities 

The interconnection of one system with two or more other systems for 
the interchange of energy often results in complications with respect to 
determination of the proper incremental costs involved. This is best 
illustrated by considering a hypothetical example in which one system is 
interconnected with three others. Graphically, the factors to be consid- 
ered are illustrated in Fig. 88. Referring to Fig. 88A, suppose that 
system A is operating at a load L^. Then a block of load Lb could be 
supplied to system B at a cost represented by point 1 on the curve. A 
block of load Lc could be supplied to system C at a cost represented by 
point 2, and similarly the cost of supplying load Lb to system D would be 
represented by point 3. This would prevail if one block of load only is 
transferred from system A . 

If system A should deliver the loads Lb, Lc, and Lb simultaneously 
to the respective systems, the costs for each block of load would be as 
represented by points 1, 2, and 3, respectively, in Fig. 88J3, and the aver- 
age cost to system A for the combined loads transferred would be at point 
4. The cost assigned to each block of load will vary, depending upon the 
relative position of each block with respect to the others. For example, 
by reversing the sequence or positions of the blocks of load, the increment 
cost would be as shown in Fig. 88C, without change, however, in the 
average cost for the combined load. Comparing the costs indicated in 
Fig. 88B with the corresponding costs in Fig. 88C it is seen that, by 
reversing the sequence, the costs for loads Lb and Lc have been increased, 
and that for load Lb has been decreased. From the standpoint of an 
equitable billing, the incremental costs assigned to each particular block 
of load should be based on the same sequence as the consummation of the 
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contracts. Thus Fig. 88B would represent the proper basis for determin- 
ing the costs if system A first entered into a contract with system B, fol- 
lowed in order by a contract with system C and system D. 

Suppose that system A receives energy from system C and delivers 
energy to systems B and D. To supply the load in its own territory sys- 
tem A would be required to generate Ga = La — L c , and the decrement 
value of the load Lc to system A would be defined by point 2 on the 
curve of Fig. 88Z>. With respect to the incremental costs assignable to 
the loads Lb and Lb the values would depend on whether the blocks of 
load are positioned with La or Ga as the datum point. The two assign- 
ments are illustrated in Figs. 88 D and 88 E, respectively. The increment 
costs using Ga as the datum would be lower for each block of load than 
those using La as the datum. In other words, by using Fig. 88 E as t&e 
basis, system A would be passing on to systems B ancL^part of the bene- 
fits derived from receiving load from system C. On the other hand, the 
method illustrated by Fig. 88 D permits system A to retain all the benefits 
derived from its interchange of energy with system C, and at the same 
time benefit to the full extent from the delivery of energy to the other 
two systems by reason of the higher revenues that w ould result therefrom. 

^Effect of Spinning Reserve 

Spinning reserve may be defined as the turbine-generator capacity 
connected to the bus in excess of the load generated. To this may be 
added any capacity which is available through interconnection with other 
systems. The spinning reser ve is frequently kept equal to the capacity 
of the ^ar^est. unit on the bus, so that the loss of anysingle unit will not 
require a reduction of the load supplied. 

To supply load to an interconnection it may be necessary to add units 
to the bus to maintain the required spinning reserve. The cost of operat- 
ing the additional units is a proper charge against the energy delivered to 
the interconnection. The fuel component of this cost is often measured 
by the increase in station input at the zero-load value resulting from the 
operation of the additional units. This procedure neglects the effect of 
the load cycle, making the cost determined on this basis incorrect 

To illustrate the principles involved, consider the input-output curves 
of Fig. 89 for a station consisting of four units, two rated at 160 mega- 
watts each and two rated at 50 megawatts each. It is seen from this 
figure that the difference in input for successive combinations of units is 
not constant, being a maximum at zero-load value and gradually decreas- 
ing to negative values. When the input-output curves do not intersect, a 
negative difference in input will not be obtained, but the difference will 
generally decrease as the load is increased from zero. From the input- 
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output curves of Fig. 89, the difference in input can be plotted as a func- 
tion of the load generated as shown in Fig. 90 for the units under consid- 
eration. 

The application of the curves of Fig. 90 will first be considered for the 
condition when firm capacity must be provided for an interconnection* 



Fig. 89. Station input-output curves for successive combinations of turbine- 

generator units. 

Figure 91 shows the daily cycle of the local 
demand on the plant which is to supply the firm capacity to the intercon- 
nectiomand the spinning capacity which would be in operation without 
the capacity commitment to the interconnection, which are represented 
by the solid lines. Assume that the plant must provide 50 megawatts of 
firm capacity and that this capacity must be available to the interconnec- 
tion even updlTthe loss of the largest unit in the plant. Under these 
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conditions the capacity that would be available for supplying the local 
demand is represented by the dotted lines, so that, upon the loss of the 
largest unit, the cross-hatched area represents a deficiency in capacity 
and indicates that an additional unit is required on the station bus. The 
increases in station input due to the operation of the additional unit, 
based on the curves of Fig. 90, is shown at the top of Fig. 91. The inte- 
grated value for the day, represented by the area under the curve, gives 



Fig. 90. Change in station heat input due to operation of an additional turbine- 

generator unit. 

the actual input chargeable to the operation of the additional unit. Use 
of the zero-load input values of Fig. 89 will indicate a higher value as 
shown in Table XLIII, which illustrates the magnitude of the error intro- 
duced when the effect of the load cycle is neglected. 

When energy is supplied to the interconnection in addition to firm 
capacity, the incremental input to the station supplying both may be 
divided into two components, one chargeable to the capacity and the 
other to the energy. I'll is is illustrated in Fig. 92 for the same station 
under consideration. Assuming that the station is operating at a load of 
110 megawatts supplied from two units, the addition of a third unit 
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increases the input at that load by 59 million Btu per hour. If the inter- 
connection is supplied with 30 megawatts, the station generation will be 



AM PM 



AM PM 

Fig. 91. Effect of spinning reserve on station heat input. 


increased to 140 megawatts, and the corresponding increase in input is 
430 million Btu per hour. So that 

Input due to providing capacity = 59 X 10 6 Btu per hour 
Input due to supplying 30 mw = 430 X 10® 

Total input 489 X 10® Btu per hour 

For the above illustration, economy interchange of energy would 
normally be based on the incremental rates for the three-unit combina- 
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tion, the values of which would constitute the energy charge. In addition 
there would be the charge for providing firm capacity, calculated as indi- 
cated above. 

TABLE XLIII 

Comparison of Methods for Calculating Cost of Operating an 
Additional Turbine-Generator Unit 


Method A. Using Zero-Load Inputs 
Hours of service per day from Fig. 91 
3rd unit 
4th unit 

Total 

Zero-load input per hour from Fig. 89 
3rd unit 
4th unit 

Input per day chargeable to additional units 
3rd unit (13.5 X HO X 10 6 ) 

4th unit ( 3.5 X 115 X 10 6 ) 

Total 

Calculated cost per day 

Coal @ $5 per long ton and 14,000 Btu per lb 


13.5 

3.5 

17.0 

110 X 10 6 Btu 
115 X 10 6 Btu 

1,485.0 X 10® Btu 
402.5 C* 

1,887.5 X 10 6 Btu 


$301 


Method B. Using Curves of Fig. 90 

Input per day chargeable to additional units as indicated 

in Fig. 91 739.75 X 10 6 Btu 

Actual cost per day 

Coal @ $5 per long ton and 14,000 Btu per lb $118 

Difference per day $183 


Loading Slide Rule 

On a many-station system considerable computation is required to 
determine the station loadings whenever changes in system conditions 
occur. The more important ones are outage of equipment, effect of sea- 
sonal variation in condenser circulating water temperatures, and varia- 
tion in relative fuel prices. Each change requires the preparation of 
numerous loading schedules involving from 4 to 8 man-hours for the 
preparation of each schedule. In an effort to simplify the procedure sev- 
eral mechanical devices have been designed for load division purposes, 
references to descriptions of which are included in the bibliography. 

A station-loading slide rule /ideveloped for the Consolidated Edison 
System Companies, has clearly demonstrated its utility over a period of 

1 “Station Loading Slide Rule” by H. H. Johnson and M. S. Umbenhauer, Power , 
November, 1938. “An Effective Loading Device” by H. H. Johnson and M. S. 
Umbenhauer, E. E. /. Bulletin , August, 1939. * 
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years. Its use] has permitted improvement in production economy 
through a closer following of changing conditions ; it has provided a faster 
and simpler means of loading the individual stations by eliminating the 
need of preparing loading schedules in advance of requirement; it has also 
been very useful in connection with engineering studies to determine the 



Fio. 92. Incremental heat input allocated to incremental generation and spinning 

reserve. 

relative economies that might be expected from new installations when 
the final answer must be predicated upon the generation expected of the 
equipment. 

The station-loading slide rule employs strip charts, one for each sta- 
tion, upon which is indicated the relation between the load generated and 
the incremental heat rate. The strips are prepared in the manner illus- 
trated in Fig. 93. The incremental heat rates are calculated in steps rep- 
resenting average values between successive turbine-generator valve 
loads. For each incremental rate value a line is drawn on the strip chart. 
The positions of the respective lines on the strip chart correspond to the 
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incremental rate values as determined from the logarithmic scale at the 
left. The numbers adjacent to the lines on the strip chart represent the 
valve loads in megawatts. Thus for loads between 241 and 276 mega- 
watts the incremental rate of 14,250 Btu per hour per kilowatt is rep- 
resented by the line adjacent to the number 276, the position of which 



Fig. 93. Preparation of strip chart for loading slide rule. 

with reference to the base is the same as that of the incremental rate 
value on the logarithmic scale. A separate strip is prepared for each 
combination of boilers and turbines expected to be operated in the station. 

Because a logarithmic scale is used, it is possible to adjust for fuel 
price differentials at the various stations. This is illustrated in Fig. 94, 
which shows strips in position for loading three stations having different 
fuel prices. The adjustment is made by moving the strip upward until 
the bottom of the strip rests on the coal adjustment value which repre- 
sents the ratio of the fuel prices. This is equivalent to multiplying the 
incremental heat rates by the fuel correction factor and therefore con- 
forms to the procedure previously discussed. 
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By using incremental rate values in steps, only one station at a time 
would be affected by a change in system load. For example, if the com- 
bined load on the three stations of Fig. 94 is 835 megawatts, the load 


n 


I * i 



Fig. 95. A general view of the loading slide rule. 

division would be indicated by the position of line A- A. If the total 
load increases, the next position of the line is at B-B, which indicates 
that Hudson Avenue should supply the increase in load until it supplies a 
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oad of 380 megawatts, corresponding to a system load of 870 megawatts. 
Additional increases in system load to a total value of 930 megawatts 
vould then be supplied by Hell Gate, as indicated by the position of the 
ine C-C. The station-loading slide rule in actual use is shown in Fig. 95 x 



Figure 96 is a view of the slide rule set up to show the strip which indi- 
cates the incremental production costs. The strips for the individual 
stations are shown in positions relative to a base fuel price of 15.86 cents 
per milli on Btu. The fuel correction factors are indicated by the positions 
of the bottoms of the strips and are based on the following fuel prices: 
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Fuel Price Correction 

Cents per Million Btu Factor 
Base 15.85 1.00 

East River 17.28 1.09 

Hell Gate 17.59 1.11 

Hudson Ave. 17.75 1.12 



Fig. 97. The loading slide rule with strip chart indicating incremental production 
costs of steam supplied from the exhausts of topping turbines. 


The incremental cost strip can be moved to indicate incremental fuel 
or production costs. When the bottom of this strip is set in line with the 
base incremental heat rate value of 8,000 Btu per hour per kilowatt, the 
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cale will indicate incremental fuel costa. The per cent adjustment scale 
hown at the bottom of this strip allows for the addition of a fixed percen- 
age of the incremental fuel costs to give the incremental production cost. 



Fig. 98. The loading slide rule set up for allocating steam and electric loads. 


In Fig. 96, the strip is shown for an addition of 20 per cent to the incre- 
mental fuel costs. The adjustable indicator for the fuel price scale can be 
set for any base fuel price. Here it is shown at the base fuel price of 
15.85 cents per million Btu. As set up in Fig. 96, the loading slide rule 
indicates a system incremental heat rate of 15,500 Btu per kilowatt-hour 
and an incremental production cost of 0.295 cent per kilowatt-hour. 
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This value is derived by calculation as follows: 

15,500 Btu/kw-hr X 15.85^/10® Btu X 1.20 = 0.295fl/kw-hr 

Figure 97 shows the slide rule with two additional strips, indicating 
the incremental heat rate for electric generation and the incremental cost 
of supplying exhaust steam to the street from the topping turbines at the 
Waterside Station. 

Figure 98 shows a complete set-up for loading the electric and steam 
plants of the system. The last three strips indicate, respectively, the cost 
of supplying steam to the street from the exhausts of the topping turbines 
at Waterside; the price of steam supplied from boilers in the electric 
plants and from boilers in the steam plants; and the incremental heat 
rates for steam delivered from the Kips Bay Station of the New York 
Steam Corporation. 




BIBLIOGRAPHY 


George R. Davison, “Dividing Load between Units,” Electrical World , December 
23, 1922. 

A. Wilston, “Dividing Load Economically among Power Plants,” A.I.E.E. Journal, 
June, 1928. 

Herbert B. Reynolds, “Economic Boiler Loading,” Part I, Power , October 8, 1929; 
Part II, Power, October 15, 1929. 

Brian M. Thornton, “A Method of Loading Boilers for Maximum Fuel Economy,” 
Engineering (England), December 20, 1929. 

Edward C. M. Stahl, “Load Division in Interconnections,” Electrical World , 
March 1, 1930. 

Herbert Estrada, “Economical Load Allocations,” Electrical World , October 11, 
1930. 

C. D. Zimmerman, “Loading Schedules Key to Power Plant Efficiency,” Power 
Notes, Diamond Power Specialty Corp., January, 1931. 

Gordon R. Hahn, “Load Division by the Increment Method,” Power, June, 1931. 

S. B. Jackson, “System Co-Ordination,” Electrical Times (England), August 13, 1931. 

“Dividing Load between Industrial Turbines,” Power , August 25, 1931. 

E. C. M. Stahl, “Economic Loading of Generating Stations,” Electrical Engineering, 
September, 1931. 

H. Estrada and H. A. Dryar, “Determining Tie Line Losses,” Electrical World , 
October 24, 1931. 

E. C. Brown, “Calculating Savings from Power Interchange,” Electrical World , 
February 20, 1932. 

Allen W. Reid, “Dividing Hydro Load to Obtain Maximum Efficiency,” Power , 
May 24, 1932. 

Martin S. Martin, “Economical Loading of Diesel Engines,” Power, June 7, 1932. 

A. P. Hayward and R. DeCamp, “Program Load Control Improves Steam 
Economy,” Power , November, 1932. 

M. J. Steinberg and T. H. Smith, “Incremental Loading of Generating Stations,” 
Electrical Engineering, October, 1933. 

M. J. Steinberg and T. H. Smith, “The Theory of Incremental Rates,” Part I, 
Electrical Engineering, March, 1934. Part II, Electrical Engineering , April, 1934. 

E. B. Strowger, “How We Raise Hydro Efficiencies,” Electrical World , April 14, 
1934. 

H. A. Von Eiff and C. W. Natchorn, “Charts Aid Control of Hydro Economy,” 
Electrical World , May 5, 1934. 

Herbert Estrada and John Finlaw, “How Loads May Be Allocated for Best 
Station Economies,” Electrical World , May 12, 1934. 

R. H. McCarthy, “Economic Loading of Exhaust Fans,” a paper presented before 
the Wood Industries Division of the American Society of Mechanical Engineers, 
Camden, N. J., October 23 and 24, 1934. 

“Basis for Interchange Practice,” Electrical World, October 27, 1934. 

199 



200 BIBLIOGRAPHY 

S. 0. Schamberger, “Hydro Station Operation with Minimum Loss,” E.E.I. 

Bulletin , January, 1935. 

T. E. Purcell, “Program Load Control for Turbines,” Power Plant Engineering , 

April, 1935. 

J. E. Mulligan, “The Division of Load among Generating Units for Minimum 
Cost,” A.S.M.E. Traneadione } April, 1935. Discussion, A.S.M.E . Traneactioney 
February, 1936. 

George G. Guthrie, “Apportionment of Load among Dissimilar Units,” Part I, 
E.E.L BuUetiny October, 1935. Part II, E.E.L Bulletiny November, 1935. 

E. D. St. John, “Load Distribution for Best Overall Economy,” Combustiony Sep- 
tember, 1936. 

J. Ricard, “Le calcul des consummations des centrales thermiques,” Science et indue - 
triey Juillet-Aodt, 1937. 

Paul B. Metcalf, “Analyzing Steam Plant Increment Costs,” Electrical Worldy 
February 26, 1938. 

Y. C. Lu, “Load Distribution on Boilers/’ Combustiony May, 1938. 

H. H. Johnson and M. S. Umbenhauer, “Station Loading Slide Rule,” Powery 
November, 1938. 

J. Ricard, “La repartition 4conomique des charges entre unites en paralRIe ou 
entre usines interconnect 6es,” Science et industry 1938. 

Y. C. Lu, “Load Distribution on Turbine-Generators,” Combustiony January, 1939. 
H. H. Johnson and M. S. Umbenhauer, “An Effective Load Dividing Device,” 
E.E.L Bulletin , August, 1939. 

J. Ricard, “La determination du programme optimum de production d'usines 
generatrices hydrauliques et thermiques interconnect ees,” Revue gtnirale de 
Veledricile } September, 1940. 

Robert E. McCoy, “Division of Load among a Group of Generators for Maximum 
Economy,” a paper presented before the Portland Section of the A.I.E.E., 
April 16, 1941. 



INDEX 


Adjustment, of boiler efficiency curve, for 
fuel price differentials, 65 
for steam temperature variation, 48 
to operating conditions, 38 
of boiler input-output curve, for auxil- 
iary power consumption, 48 
for final feedwater temperature, 76, 79 
for steam temperature variation, 48 
of station heat rate curves, 140 
of station input-output curves, 138 
of station performance curves, 135 
of turbine-generator input-output 
curve, for auxiliary power con- 
sumption, 72, 75 

for final feedwater temperature, 76 
Auxiliaries, in boiler room, electrically 
driven, adjustment for con- 
sumption, 48 
input to, 35 

steam driven, adjustment for con- 
sumption, 48 
input to, 35 

segregation from turbine-room 
auxiliaries, 74 

in turbine room, electrically driven, 
adjustment for consumption, 75 
effect of shaft generator supply, 75 
steam driven, adjustment for con- 
sumption, 72 

segregation from boiler-room aux- 
iliaries, 74 

station, effect of, on economical turbine 
combination, 103 

Banking procedure, 56 
Billing priorities, 183 
Boiler auxiliaries, electrically driven, ad- 
justment for consumption, 48 
input to, 35 

steam driven, adjustment for consump- 
tion, 48 
input to, 35 

segregation from turbine-room aux- 
iliaries, 74 


Boiler banking procedure, 56 
Boiler efficiency, adjustment of, for fuel 
price differentials, 65 
for steam temperature variation, 48 
to operating conditions, 38 
calculation of overall boiler-room 
curve, 62 

curves, typical, 33 
effect of, on banking procedure, 56 
methods of determination, 34 
Boiler fouling, effect of, 40 
Boiler incremental rate curve, see Incre- 
mental rate curve 

Boiler loading, equal efficiency method, 
31 

equal rating method, 27 
incremental, 31 

independent of turbine loading, 108 
Boiler output, methods of expressing, 
33 

Boiler performance, banking losses, 37 
feedwater temperature, effect of, on 
boiler efficiency, 78 
on steam temperature, 78 
maximum steaming rate, 37 
minimum steaming rate, 37 
steam temperature characteristic, 36 

Condenser circulating water inlet temper- 
ature, effect of, on turbine-gener- 
ator exhaust pressure, 72 
on turbine-generator heat rate, 99 
on turbine-generator incremental 
rate, 99, 101 

on turbine-generator load, 99 
seasonal variation, 70 

Desuperheater, effect on loading, 126 
District heating, 178 

Exhaust pressure, turbine, 69 
effect on steam rates, 70 
w. circulating water inlet tempera- 
ture, 72 
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Feedwater temperature, adjustment for, 
76,79 

effect of, on boiler efficiency, 78 
on steam temperature, 78 

Fuel price differentials, adjustments for, 
62 

Heat balance cycle, effect of, on adjust- 
ments for steam auxiliary con- 
sumption, 73 

on independent loading of boilers 
and turbine-generators, 120 

Heat rate, load, 127 
loss, 132 

Heat rate curve, station, adjustments to, 
140 

turbine-generator, characteristics of, 
79 

correction for final feedwater tem- 
perature, 76 
defined, 68 

effect of circulating water inlet tem- 
perature, on heat rate, 99 
on load, 99 

Heating steam, district, 178 

Hydro and steam plants, load division 
between, 168 

Hydroelectric units, load division be- 
tween, 166 

parallel operation, of low-head, 1 66 
of high-head, 167 
typical performance curves, 167 

Incremental efficiency, defined, 4 
distinguished from absolute efficiency, 4 
of transmission line, 153 

Incremental loading, of boilers, 31 
of hydroelectric units, 166 
of industrial turbine-generators, 173 
of superimposed turbine-generators, 
181 

of turbine-generators, 97 

Incremental production costs, fuel, 141 
labor, 142 
maintenance, 142 
supplies, 142 

Incremental rate, average, determination 
of, by equal area method, 20 
use of, 58, 82, 87 
calculation of, 5 


Incremental rate, concept of, 3 
constant, 14 

general rule for application of, 7 
Incremental rate curve, calculation of, 
for groups of banked and steam- 
ing boilers, 60 

for groups of dissimilar boilers, 53 
for groups of similar boilers, 52 
for single boilers, 49 
characteristics of, 10 
Independent loading of boilers and tur- 
bines, effect of steam tie-line 
capacity, 120, 126 
mathematical conditions for, 108 
Industrial turbine-generators, economy 
loading of, 173 
performance curves of, 172 
types, 172 

Input-output curve, adjustment of, 138 
characteristics of, 10 
continuous, 11 
discontinuous, 23 
integrated, 146 

Integrated input-output curve, 146 
Interconnections, billing priorities, 183 
cost of spinning reserve, with incre- 
mental generation, 187 
without incremental generation, 185 
effect of, on incremental loading, 152 

Labor costs, incremental, 142 
Load cycle, effect of, on station heat rate, 
147 

Load division, between hydroelectric 
units, 166 

between interconnected stations, 154, 
159 

between steam and hydro plants, 168 
in boiler room, 31 
in turbine room, 97 
independent loading of boilers and tur- 
bines, 108 
Load heat rate, 127 

Loading slide rule, adjustments for fuel 
price differentials, 191 
operation of, 193 
preparation of strip charts, 190 
representation, of incremental fuel 
costs, 196 

of incremental production costs, 194 



INDEX 


203 


Loss heat rate, 132 
Losses, transmission line, 152 
incremental, 156, 162 

Maintenance costs, incremental, 142 
Maximum efficiency, conditions for, 7 
Minima, actual vs. mathematical, 15, 17 

Performance curves, station, see Station 
performance curves 
Point of inflection, 17 
Pressure-reducing valve, effect of, on 
loading, 126 

Production costs, incremental, 141 

Ratio of annual maintenance cost to an- 
nual fuel cost, 144 

Reserve capacity, see Spinning reserve 

Sequence of adding turbine-generators, 
on a system, 149 
within a station, 102, 149 
Slide rule, loading, 189 
Spinning reserve, cost of providing, with 
incremental generation, 187 
without incremental generation, 185, 
defined, 185 

Station auxiliaries, effect of, on economi- 
cal turbine-generator combina- 
tions, 103 

Station loading, rules for, 126 
Station performance curves, adjustment, 
of heat rate curve, 1 40 
of input-output curve, 138 
calculation of, 111 

checked against actual performance, 
127 

Steam admission valve opening, 80, 100 
Steam for district heating, 178 
Steam tie-line, effect of, on loading, 120, 
126 


Street, steam to', 178 
Superimposed turbine-generators, effect 
of district heating steam, 178 
incremental loading of, 181 
incremental rates for, 180 
performance curves for, 180 
typical heat balance, 178 

Transmission line, efficiency of, 153 
losses, effect of, on station loading, 152, 
159 

incremental, 156, 162 
Turbine-generator, auxiliaries, adjust- 
ments for, 72, 74, 75 
combinations, determination of most 
economical, 103 

effect, of auxiliary power consump- 
tion, 104 

of reserve requirements, 104 
of starting losses, 105 
sequence for adding units, in station, 
102, 149 
on system, 149 
exhaust pressure, 69 
industrial, 172 

loading, independent of boiler loading, 
108 

methods of, base loading, 89 
incremental, 95, 97 
proportional, 89, 90 
using average incremental rates, 
82 

superimposed, 178 
thermal efficiency of, 69 
vacuum at exhaust, 69 

Valve opening of turbine-generators, de- 
fined, 80 

incremental rates at, 101 
heat rates at, 101 
loads carried at, 100 
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